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Foreword 
William W. L. Glenn Arthur E. Baue 
Guest Editors 


The modern day surgical practice at Yale is a heritage from Samuel C. 
Harvey, Chairman of the Department of Surgery from 1921 to 1948. Dr. 
Harvey was the last truly general surgeon at this institution, competent 
to operate in every region of the body. Following Dr. Harvey’s retirement 
in 1948, Gustaf E. Lindskog was appointed Chairman. It was he who, 
recognizing the necessity of specialization brought on by an ever increas- 
ing knowledge of disease and its management, expedited separation of 
the department into autonomous specialty sections. Jack Cole succeeded 
Dr. Lindskog and, anticipating a great increase in research activity, 
provided for a generous expansion of laboratories and laboratory support 
for the developing specialty sections. Such is the background of the 
present Department of Surgery at Yale under the Chairmanship of Arthur 
E. Baue. The Department is made up of eight clinical sections each with 
autonomous clinical, research, and teaching programs committed to a 
unified aim, excellence in academic surgery. All of these sections have 
contributed articles to this volume of the Surgical Clinics of North 
America. 

The content of this issue is probably representative of the contribu- 
tions that would be forthcoming from any large university service in this 
day and time. In the first half of the volume the emphasis is properly on 
the injured patient, the management of trauma being a principal theme 
in surgery today. The remaining half of the volume is devoted to recent 
advances in the surgery of tumors and of certain complex congenital and 
acquired diseases as they have been developed and practiced at Yale. 
Behind many of these clinical papers is a firm foundation of basic 
laboratory and clinical research carried out at this institution. 


WixuraM W. L. Gienn, M.D. 
ARTHUR E. Baug, M.D. 
Guest Editors 


Department of Surgery 

Yale University School of Medicine 

333 Cedar Street 

New Haven, Connecticut 06510 1007 
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Emergency Department Trauma Care: 
Priorities and Documentation 


William H. Frazier, M.D.,* and 
Donald A. Brand, Ph.D.* 


Even though trauma is largely a preventable disease, it is still the 
fourth leading cause of death in the United States and the leading cause 
of death between the ages of 1 and 37. It will cause over 20 million people 
to seek emergency department attention this year, over 150,000 of whom 
will die from their injuries. Most of the elements of a prevention program 
are known, such as using seat belts, self extinguishing cigarettes, and 
turning down water heater thermostats. Since most of these approaches 
are employed on only a limited basis, the approach to trauma of organized 
medicine must continue to be one of planned interventions. The follow- 
ing discussion deals with the essential planning elements and only the 
highest priorities for trauma care. Treatment of conditions that are not 
life-threatening is left to other traditional sources. 


THE EMERGENCY MEDICAL SERVICES SYSTEM 


Planning for emergency department care of trauma patients should 
start with the planning and implementation of a comprehensive 
emergency medical services system. This should include centralized 
telephone access (911 or a single seven digit regional number), trained 
first responders and emergency medical technicians (EMTs) and 
paramedics, centralized dispatching of appropriately equipped response 
vehicles, field to hospital communications, establishment of prehospital 
management and interhospital transfer protocols, and identification of a 
regional trauma center. Medical control of the system must be estab- 
lished at three points: in policy setting for planning, organization, and 
implementation; by direct radio contact between EMTs and emergency 
department physicians; and during case review sessions. Absence of 
clearly identifiable medical control and a medical director, even in the 
presence of all other system components, will ultimately lead to a 
deterioration in both the quality of prehospital care and system efficiency. 


* Associate Professor of Surgery (Plastic), Yale University School of Medicine, New Haven, 


Connecticut 
t Assistant Professor of Epidemiology and Public Health, Yale University School of Medicine, 
New Haven, Connecticut 


Supported in part by the National Center for Health Services Research, DHHS. 
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Prehospital Trauma Care 


Communications between EMTs and emergency department staff 
should be standardized, and should include a brief description of the 
accident scene, number of patients, and a description of each patient. The 
treatment plan should include starting one, and preferably two, intrave- 
nous lines with crystalloid, cardiac monitoring for males over 30 and 
females over 40 years of age (and all patients with chest pain, chest 
injuries, shock, or unconsciousness), ensuring a stable airway, splinting 
all fractures, and dressing all wounds. Any patient with neck or back 
pain, abnormal results on peripheral neurologic examination, or uncon- 
sciousness should be immobilized on a long backboard and an immobiliz- 
ing cervical collar applied (such as a Philadelphia collar). 

A patient in shock should be placed in the shock position with the 
trunk flat and legs elevated, or preferably have a MAST suit applied and 
inflated, supplemental oxygen administered, and Ringer’s lactate infused 
“wide open” until the systolic pressure reaches at least 90 mm Hg. 
Assuming that the time from the accident to initial finding of shock is 
only a few minutes, the most probable diagnoses are ruptured aorta, 
ruptured vena cava, massive liver or hepatic vein injury, tension 
pneumothorax, or cardiac tamponade. Patients found initially in shock 
are relatively infrequent, but because of the extremely serious nature of 
their probable injuries, on-the-scene treatment should be as brief as 
possible, with transport to an emergency department, preferably in a 
trauma center, accomplished as soon as possible. 


Preparation for Arrival 


The emergency department staff should prepare for arrival of the 
patient in four ways: review the probable treatment strategy; set up the 
trauma room and equipment; alert the appropriate consultants; and 
determine availability of special services. Each staff member should be 
assigned responsibilities such as starting additional intravenous lines, 
drawing blood, and ordering films, with the most senior surgeon or 
physician on duty assuming overall control of the case. The trauma room 
should have several assembled intravenous sets (including at least one 
central line), a monitor/defibrillator, and setups for intubation and for 
insertion of a urinary catheter.and nasogastric tube, and chest tubes 
(thoracostomy set). Preparations should be made for obtaining portable 
chest x-ray films and cross-table lateral cervical spine views. Patients in 
shock at the scene will almost inevitably require urgent surgical inter- 
vention, and the trauma surgeons, operating room, and blood bank 
should be alerted. 


Arrival and Transfer of Responsibility 


Transfer of the patient from the ambulance to the stretcher should be 
accomplished by at least four people. Any backboard, cervical collar, 
splints, or dressings should be left in place until the initial examination 
and stabilization maneuvers are completed. If cardiopulmonary resusci- 
tation is in progress, it should not be discontinued for more than 5 to 10 
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seconds, making coordination and efficiency of the transfer critical. The 
ambulance personnel should be questioned for additional history con- 
cerning the accident, changes in the patient en route, and information 
they may have obtained from family members or bystanders. A diligent 
search should be made for factors that may have caused the accident 
such as a myocardial infarction, seizure, hypoglycemia, or intoxication, 
since the predisposing condition may be more serious than the injuries 
produced by the accident. 


Management Priorities 


The three most common causes of trauma related deaths are in- 
adequate ventilation, inadequate circulation, and massive hemorrhage. 
Thus highest priority must be given to the ABC’s of Airway management, 
Breathing, and Circulation. 

Arrway MANAGEMENT. The examiner should determine that the airway 
is open by the look-listen-feel technique. If no air exchange is present, 
upper airway obstruction must be ruled out. The most common cause of 
airway obstruction is the tongue falling back against the posterior 
pharyngeal wall, followed by vomitus, blood, and foreign bodies. In the 
absence of evidence of a cervical spine injury, extending the neck and 
thrusting the jaw forward will move the tongue anteriorly and should 
open the airway. Ifa cervical spine injury may be present or the patient is 
unconscious, the neck should not be moved. In this case, use of the jaw 
thrust alone or in combination with manual traction on the tongue (such 
as using a gauze pad or traction suture) will accomplish the task. An oral 
airway may be useful in the patient with no gag reflex, or a nasal airway if 
no evidence of head trauma is present. If respirations are “noisy” with 
either gurgling, snoring, or bubbling sounds, partial airway obstruction is 
present, again most commonly from the tongue, secretions, or vomitus, 
and the airway should be opened and suctioned. 

Maintaining an open airway may be accomplished with either an 
endotracheal tube or an esophageal obturator airway. Prior to intubation, 
the patient should be hyperventilated with 100 per cent oxygen for a 
minute. Positive pressure should not be used if there is evidence of a 
basilar skull fracture (such as cerebrospinal fluid rhinorrhea) or if a 
nasoethmoid fracture or LeForte II or III fracture is present, since 
secretions and bacteria in the nasal airway may be forced into the 
subarachnoid space. If the patient has a gag reflex, application of a topical 
anesthetic with a nebulizer will facilitate the awake intubation. Adminis- 
tering small amounts of a sedative intravenously is occasionally of value, 
but may exacerbate problems with blood pressure stability and make 
serial neurologic examinations more difficult to interpret. The use of 
myoneural blocking agents (such as pancuronium) is rarely indicated, 
since they will stop all respiratory efforts. If the airway cannot then be 
opened and intubation accomplished quickly, an emergency tracheos- 
tomy will be required under the worst possible conditions. 

The advantages of the esophageal obturator are that it may be placed 
easily with the neck in a neutral position, visualization of the vocal cords 
is not necessary, and the inflated esophageal balloon will prevent vomit- 
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ing and aspiration. For emergency department cases, however, the 
disadvantages of the esophageal obturator usually outweigh the advan- 
tages. It does not protect against aspiration of upper airway secretions, 
blood or cerebrospinal fluid, requires a snug and continuous fit of the 
mask against the face to maintain a seal, and does not provide direct 
access to the trachea for suctioning. Potential complications include 
laceration or rupture of the esophagus and inadvertent intubation (and 
hence obstruction) of the trachea.*” 

BreaTHINe. If the tidal volume and respiratory effort are not sufficient, 
respirations must be assisted with a bag mask or mechanical resuscitator. 
A volume respirator will be necessary if the patient has a flail chest, but 
for most other conditions a pressure-sensitive respirator should suffice. 
Since a common cause of respiratory depression or apnea is drug over- 
dose, the administration of one or two ampules of naloxone (Narcan) (0.4 
mg) may be both diagnostic and therapeutic. A pneumothorax may 
present as inadequate tidal volume, hyperventilation, and decreased or 
absent breath sounds on the affected side, and the diagnosis confirmed by 
portable chest x-ray films. A chest tube should be placed in the second 
anterior intercostal space and connected to a water seal with suction. A 
tension pneumothorax will present much more rapidly, with diminished 
or absent breath sounds on the affected side, increased resonance to 
percussion, a shift in the cardiac point of maximal intensity, and 
hypotension. This is an immediate threat to life and a delay in treatment 
to confirm the diagnosis by chest x-ray is rarely warranted. Placing a 
large gauge needle in the second anterior intercostal space will relieve 
the positive intrathoracic pressure and compromised venous return to the 
heart. A chest tube may then be placed to allow reexpansion of the lung. 

Circutation. If circulatory arrest is present, cardiopulmonary resusci- 
tation should be started immediately. The most common cause of cardiac 
arrest in trauma is massive hemorrhage into the chest or abdomen. 
Infusion of large volumes of crystalloids is the basis of initial resuscita- 
tion, with albumin added to form a 5 per cent solution as soon as possible. 
There is no evidence to suggest that survival statistics are improved if 
blood is used during the first 10 minutes of shock resuscitation, but with 
continued blood loss, blood must be started or the circulating red cell 
mass may become dangerously low. This 10 minute period provides 
sufficient time to draw a clot and type and group several units of blood, 
since the typing process should require only two minutes. Type-specific, 
low titer (but not cross-matched) blood may be given with a low risk of 
transfusion reaction.' There is little indication for giving uncross- 
matched, low titer O-negative blood unless massive hemorrhage is 
present and a clot for typing cannot be obtained immediately. All units 
administered should be subsequently cross-matched to check for possible 
incompatibilities. 

An estimation of the volume of blood loss may be made as follows: 10 
per cent produces no change in vital signs and no orthostatic signs; 20 per 
cent will produce tachycardia and usually orthostatic signs; 30 per cent 
will produce tachycardia and a systolic pressure below 100 mm Hg; 40 
per cent will decrease the systolic pressure to a range of 50 to 60 mm Hg 
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and is associated with poor cerebral perfusion and unconsciousness. A 50 
per cent or greater loss is usually associated with ‘irreversible’ shock, 
although such patients may still be salvaged with aggressive resuscita- 
tion.® Remembering that total blood volume is usually 7 per cent of total 
body weight, one would expect a patient weighing 70 kg to have a blood 
volume of approximately 10 units (5,000 ml). While whole blood lost is 
replaced unit for unit, it frequently requires closer to one liter of crystal- 
loid for each unit of whole blood lost to produce stable and normal vital 
signs. 

While cardiac arrest may be produced by massive hemorrhage, it may 
also be produced by cardiac tamponade and massive head injuries. Head 
trauma of a magnitude to produce cardiorespiratory arrest is rarely 
reversible and usually indicates that herniation has already occurred. 
Intubation and hyperventilation to decrease the pCO, and reduce cerebral 
blood flow, and the administration of dexamethasone (10 mg) should be 
tried. Ifa rhythm is restored, the patient should be tested for a cold caloric 
response. A negative response suggests brain damage, which is both 
irreversible and incompatible with life. If blunt chest trauma is present, 
cardiac tamponade should be considered, and the triad of distended neck 
veins, muffled heart sounds, and a narrow pulse pressure sought. If these 
are present, inserting a spinal needle into the pericardial space through 
either the subxyphoid or left fourth intercostal space route and aspirating 
nonclotting blood may be life-saving. If any electrical activity is present, 
the exploring electrode of an EKG machine should be attached to the 
needle with an alligator clamp. If the myocardium is inadvertently 
touched, an injury potential will be produced and the needle should be 
withdrawn slightly before aspirating. 


Massive Hemorrhage 


Massive intrathoracic bleeding, penetrating injury of the heart, 
cardiac tamponade, and cardiac arrest are all appropriate indications for 
an emergency thoracotomy in the emergency department to control 
bleeding, relieve tamponade, or improve the efficiency of cardiac mas- 
sage. Closed chest massage can produce approximately 35 per cent of 
normal cardiac output, whereas open massage will improve this to 
approximately 70 per cent. Bleeding from penetrating cardiac injuries 
may be controlled in the emergency department with digital pressure, 
followed by placement of one or two sutures, being careful to avoid the 
coronary arteries. The procedure should then be completed in the operat- 
ing room as quickly as possible. The salvage rate of abdominal explora- 
tion in the emergency department for massive hemorrhage and cardiac 
arrest is essentially zero, and this should not be attempted except under 
extraordinary circumstances. 


Shock 


If shock is present, it is almost inevitably secondary to intra- 
abdominal or intrathoracic hemorrhage. Head trauma is a distinctly 
uncommon cause of shock and should be considered only after the other 
two sites are ruled out. A hazy x-ray appearance of one or both lung fields, 
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especially in instances of rib fractures, suggests presence of a hemothorax 
and a chest tube should be placed. A careful examination should be made for 
signs of intraperitoneal bleeding such as abdominal pain or distention, 
absent bowel sounds, shoulder pain (in the absence of local trauma), 
elevated hemidiaphragm, white blood count over 15,000, or fractures of 
the eighth or lower ribs. Should any of these be present, an abdominal 
lavage should generally be carried out by inserting a peritoneal dialysis 
catheter and infusing 500 ml of crystalloid. Gentle manipulation of the 
abdomen to ensure mixing of any blood and crystalloid will improve the 
sensitivity of the test. The infusion bag is then lowered below the level of 
the patient and the fluid siphoned out. If the fluid return is bloody or 
sufficiently dark to preclude reading newsprint through the tubing, the 
test is considered to be positive and a laparotomy should be carried out. 
An abdominal lavage should generally not be carried out, however, if 
there is evidence of a penetrating wound. Gunshot wounds are routinely 
explored as soon as the patient is stabilized, whereas stab wounds are 
usually observed unless there is evidence of intra-abdominal bleeding or 
visceral penetration. 

Assessment and treatment of any problems with airway, breathing, 
and circulation must occur concomitantly with the insertion of several 
large bore intravenous lines. While 14 and 16 gauge percutaneous 
catheters may be satisfactory, a 12 gauge or larger will allow more rapid 
infusion of fluids and blood. If a cut-down is necessary, the largest 
catheter which will fit the vein should be used. A standard piece of sterile 
intravenous extension tubing with the distal end cut off provides the 
largest lumen possible. In general, intravenous lines should not be placed 
in an injured extremity, and subclavian lines avoided if chest trauma is 
present. The internal jugular vein is easy and safe to access with a 
percutaneous approach. By first placing a 16 or 18 gauge plastic catheter, 
then threading a guidewire in, it is possible to withdraw the first catheter 
and replace it with an 8 gauge catheter. Caution must be used when 
placing an internal jugular line if a cervical spine fracture or penetrating 
neck injury is present, and it is probably best to avoid the neck altogether. 
Patients with abdominal trauma should have most lines placed in the 
arms and neck; those with upper chest trauma, especially penetrating 
injuries, should have at least half of the lines placed in the lower 
extremities. When blood is being infused through central lines at a rapid 
rate, it is best to use a blood warmer to avoid cardiac arrhythmias. 


Nasogastric Drainage 


A nasogastric tube should be placed if there is suspicion of abdominal 
trauma (blunt or penetrating) or if the patient is semicomatose or 
unconscious. In the absence of epistaxis or an intraoral injury, a bloody 
aspirate suggests injury to the esophagus, stomach, or duodenum, and 
aspiration of all gastric contents will help to avoid regurgitation and 
aspiration. A relative contraindication to the placing of a nasogastric tube 
is evidence of a basilar skull or nasoethmoid fracture. Evidence of 
cerebrospinal fluid rhinorrhea or presence of a LeForte II or III fracture 
may indicate a substantial communication between the nasal airway and 
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central nervous system, usually through the cribriform plate, and 
through which the nasogastric tube could inadvertently be passed. 


Drainage of Urinary System 


In the absence of pelvic trauma, a urinary catheter should be placed 
to check for hematuria and provide for monitoring hourly urinary output. 
If there is blood at the urethral meatus, a urethral tear is probable and is 
especially common with fractures of the pubic rami. This may be 
confirmed in the male by rectal examination when the prostate is found to 
be “floating,” either being not palpable or much softer and smaller than 
normal. The physician has two options, the first and preferable being to 
obtain a urethrogram. If no extravasation is noted, a catheter may be 
placed and a cystogram obtained. This is also a good time to obtain an 
intravenous pyelogram if there is any suggestion of upper urinary tract 
injury. The second option is to pass a standard sized catheter very gently. 
If resistance is encountered before entering the bladder the procedure 
must be stopped lest a false passage be created or an incomplete tear be 
completed. A urethrogram must then be obtained and urinary drainage 
may be accomplished by placing a suprapubic catheter either via the 
percutaneous route or surgically. 


Blood Studies 


Necessary blood studies for multiple trauma patients include a 
hematocrit or hemoglobin, white blood count and differential, platelet 
smear, glucose, electrolytes, lipase, and amylase. The hematocrit/ 
hemoglobin should be normal unless there was preexisting anemia, but 
serial hematocrits will provide an indication of the amount of blood loss 
and adequacy of replacement. The white blood count is most useful as an 
indicator of splenic or hepatic injury, since approximately 75 per cent of 
such patients have white blood counts greater than 15,000, and the 
differential should show a marked left shift. A blood smear will give a 
reasonable estimate of the number of platelets, and takes only a few 
minutes to complete. Abnormal glucose levels may be causally related to 
the initial accident (such as hypoglycemia), and require treatment. 
Electrolyte abnormalities, especially hypokalemia, are frequent in pa- 
tients on chronic diuretic therapy, and an elevated level of blood urea 
nitrogen indicates substantial chronic renal disease. The amylase and 
lipase may be elevated with trauma to the pancreas, duodenum, or less 
frequently the remaining small bowel. These enzyme levels may not be 
elevated if the specimen is drawn within a few minutes of the injury, 
making serial determinations helpful. 

A blood alcohol level is of value to document intoxication and to alert 
the physician to a probable decreased sensitivity to pain. One must be 
careful not to ascribe altered level of consciousness, abnormal neuro- 
logical examination, or the presence of abdominal pain solely to the 
intoxicated state, however, in that a more serious diagnosis may be 
overlooked. A toxicology screen for narcotics, barbiturates, tricyclates, 
diazepam, and other drugs may be also be helpful if the patient has an 
altered level of consciousness and drug ingestion is suspected. 
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The arterial blood gases should be determined for patients with blunt 
or penetrating chest injuries or shock. A patient with a pulmonary 
contusion or pneumothorax will often have both a low pO, and pCO, upon 
admission, indicating a ventilation perfusion imbalance with a right-to- 
left shunt. The secondary hyperventilation, producing hypocarbia, will 
produce a mild respiratory alkalosis with a pH in the range of 7.45 to 7.55. 
A patient in shock but with an adequate tidal volume will usually have a 
normal pO, with a low pCO, and a low pH, usually in the range of 7.1 to 
7.3. The often profound metabolic (lactic) acidosis results from poor 
tissue perfusion and is only partially offset by hyperventilation and 
respiratory alkalosis, and will not be corrected until an adequate circulat- 
ing volume is restored. The emphasis should not be placed on treating the 
acidosis (such as with sodium bicarbonate), but rather on expanding 
blood volume. If the pH is dangerously low, however, sodium bicarbonate 
may be necessary to help avoid arrhythmias and maintain normal cardiac 
contractility while resuscitation continues. 


Monitoring 


Any male over 30 or female over 40 and all patients with chest 
injuries or in shock should have an electrocardiogram and continuous 
cardiac monitoring. Acute myocardial infarction and arrhythmias are 
frequent precursors to accidents, and myocardial contusions are often 
associated with blunt chest trauma. The electrocardiogram may show 
T-wave inversions, QRS changes, or conduction disturbances, frequently 
in association with signs of ventricular irritability. 


Radiology 


Only those films necessary to diagnose life-threatening conditions 
should be obtained as part of the initial resuscitation process. These are 
generally a cross-table lateral cervical spine view and an anteroposterior 
portable chest x-ray film. If abdominal surgery is imminent, an anteropos- 
terior view of the abdomen taken 5 to 10 minutes after 2 ampules of 
Renografin are administered will provide valuable information concern- 
ing renal function, location, and contour. If visceral penetration is 
suspected, an upright film of the upper abdomen will demonstrate as 
little as 5 to 10 ml of air, but a left lateral decubitus film is more sensitive, 
demonstrating as little as 3 ml of air (over the right hepatic lobe), and 
avoids the need to position the patient upright. 


Systematic Examination 


Following the initial stabilization phase, a more detailed evaluation 
should be undertaken. The pneumonic ‘‘CRASH PLAN” should serve as 
a reminder to reexamine the Cardiovascular system, Respiratory system, 
Abdomen, Spine and CNS, Head and facial bones, Pelvis, Limbs, Ar- 
teries, and peripheral Nerves. Uncomplicated fractures of the extremity 
with normal distal circulation may be left splinted, and wounds may be 
left open and dressed with gauze soaked in a povidone-iodine solution 
(such as Betadine) until threat to life or limb has been resolved. 
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Medications 


Antibiotics, if necessary, should be given intravenously and should 
be started within two hours of the injury to obtain adequate wound and 
tissue levels. Tetanus prophylaxis should follow the guidelines of the 
American College of Surgeons. Analgesics should be given intravenously 
for a patient in shock or with peripheral vasoconstriction. If given 
intramuscularly, they will not be well absorbed, and if repeated may 
result in later respiratory depression once the vascular volume has been 
restored. 


DOCUMENTATION OF CARE 


This discussion could touch only on the high priority issues in trauma 
care. Similarly, there are high priority issues in documentation of the 
process of care. The Darling vs. Charleston Memorial Hospital’ case 
established that the Board of Trustees can be held responsible for the 
competence of its staff members and the quality of care provided within 
an institution, and a legion of malpractice cases have established the 
responsibilities of the physician. Such cases have also established that 
what does not appear in the medical record ‘‘did not happen.”’ While 
slightly oversimplified, the fact remains that the medical record is 
usually the primary legal documentation of the care provided for a 
patient. Since the average medical liability case does not come to trial for 
approximately five to seven years, the need for careful documentation 
should be clear. Under even the best of circumstances, only 80 per cent of 
the data a physician uses in the decision-making and treatment process 
are recorded, and under usual circumstances, this figure is substantially 
lower.! The two most important elements of the record are what was 
done, and why. The data reported in the medical record should be 
sufficiently detailed to determine the appropriate treatments and 
whether these were provided. 

Most records are so incomplete as to preclude reconstruction of either 
the temporal sequence of events or the rationale for many of the treat- 
ments. Unfortunately, the pressures of time in the busy emergency 
department often force compromises, and one of the first to be made is in 
the quality of medical record keeping. 

Solutions are not simple. Good medical records require conscientious 
input from both nurses and physicians. A flow chart for vital signs, fluids, 
treatments, and medications should be kept by a nurse delegated this 
responsibility. The narrative of the case should be added by the physician 
as soon as the patient has been stabilized and should include a description 
of findings and the rationale for all treatments. Structured medical record 
forms are of assistance in this process, serving as a “reminder” to record 
items-often forgotten (Fig. 1). Whenever possible, institutional standards 
should also be established in as complete and explicit a form as possible 
(Fig. 2). Algorithmic standards, which employ a branching logic format, 
are far more meaningful and relevant than a simple list of criteria for 
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Name: 
Birthdate: 


Unic Number: 


© VISIT DATE 
@ TIME SINCE INJURY 


© HISTORY OF BURN INJURY (include agent) 


© TETANUS IMMUNIZATION HISTORY _ 


1QTT < 5 years 2O1T > 5 years 


3Quncertain if ever immunized 


© DRUG ALLERGIES 


@ SIGNIFICANT CO-MORBID FACTORS: 
(e.g- child abuse, diabetes, COPD) 


@ PRE-HOSPITAL Rx: 


®@ PULMONARY FINDINGS RELATED TO BURN: 


DIAGNOSTIC STUDIES (lab, x-ray, etc): 


© SYSTEMIC MANAGEMENT 
IM meds 


TV fluids & IV meds 


Qfher systemic Rx (e.g- 05, 
intubation, urinary cath, NPO) 
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BMERGENCY SERVICE VISIT RECORD - ADDENDUM 
YALE - NEW HAVEN HOSPITAL 


Burn Wounds 


©@ BURN DESCRIPTION 


Location (See legend and shade diagram 
accordingly) 


Front 


Legend 
Erythematous, with good capillary refill 


BB voor or absent capillary refill 


Body Surface Area Percentages 


Total Body Surface Area (BSA) burned: 
If BSA < 1% (give area): cm 
If BSA > 1% (give percent): z 


Circumferential burns (location) 


© CONSULTS 


@ BURN WOUND MANAGEMENT 


Irrigation 

Blisters Intact Broken Debrided 
palm or sole Oo ia) ia) 
elsewhere ia} is} ie) 


1 2 3 
Topical antimicrobial (specify) 


Adherent fine-mesh gauze (specify) 


Dressing 


Immobilization 


© SUPPLIES 
1Os6ling 
3Qother: 


2O crutches 


© PRFSCRIPTIONS (drug, dose, schedule): 


© DISCHARGE INSTRUCTIONS 
1 Delevate extremity 
2Okeep dreseing dry 
3 Odreseing change prn 
“Ochange dressing _—x/day 
8 Dother: 


@ DISPOSITION 


1 Qreturn pra 


REMARKS : 


Figure 1. 


DIAGNOSIS: 


3Qappt in days 
to 
§ Oadmic 
16 Qother: 
PROVIDER 


Structured medical record for burn cases used in the Yale-New Haven 


Hospital Emergency Department as part of the computerized audit and educational feedback 
system for trauma cases. Similar records exist for wounds, soft tissue infections, and upper 


and lower extremity injuries. 


describing institutional care standards. The branching logic of an al- 
gorithm can more accurately represent the decision-making patterns of 
physicians, and hence is a more sensitive and specific standard by which 
to direct or evaluate the care process. 
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A recent study involving the care of soft tissue wounds demonstrated 
that structured forms, used in conjunction with an algorithm-based, 
computerized case audit and educational feedback system, produce a 
dramatic and highly significant improvement in both record keeping and 
medical care.’ Missing data declined from 20 per cent to less than 1 per 
cent, and compliance with the standards increased from 75 per cent to 
over 95 per cent. This improvement persisted even after removal of the 
feedback stimulus, indicating that true learning had occurred. Since 
even these branching logic criteria are not always sufficiently detailed to 
account for all situations, if noncompliant care is identified, it may still 
prove appropriate on review by the medical director of the emergency 
department or when additional data are provided by the physician. 
In the latter case, it is only necessary to document the rationale for the 
specific treatments that were actually used. An audit-feedback system 
cannot improve psychomotor skills such as suturing or teach the art of 
interacting with injured patients and distraught family members. By 
improving the rigor of medical care logic, however, the audit system 
improves the quality of patient care, and by improving the adequacy of 
record keeping, can help to reduce the risk of litigation. 

The most common cause of successful malpractice litigation is 
malpractice. The second most common cause is poor documentation of 
the indications for and process of the treatments provided. Minimizing 
the risk of such litigation requires three factors: optimal medical care; 
good rapport between physician and patient/family; and complete docu- 
mentation of the care process. Treatment of the severe trauma patient, 
regardless of how successful or how expertly carried out, is not completed 
until it has been completely documented. 
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Early Management of 
Severe Thermal Injury 


Charles B. Cuono, M.D., Ph.D.* 


Of the estimated two million Americans suffering serious burns 
every year, approximately 6 to 7 per cent require hospitalization. Half of 
these, or nearly 70,000 persons, require intensive care and about 10,000 
such persons die as a result of the injury. As sobering as these statistics 
may be, and though we as clinicians recognize the immediate resuscita- 
tive requirements of these patients, we just as often lose sight of the fact 
that severe thermal injuries result in a protracted state of illness. As 
Burke has so well stated,* a severe burn is an acute illness spanning 
weeks and months and we must consider therapeutic activities of the first 
days, not in isolation, but rather in the context of the entire illness. 


FLUID RESUSCITATION 


Over 50 years have elapsed since Underhill at Yale published the 
results of his investigations on hematologic and hemodynamic changes 
following thermal injury, pointing to the need for fluid and electrolyte 
replacement.*! Through the efforts of a legion of notable investigators, it 
is now clearly recognized that the keys to successful resuscitation are 
water and the sodium ion. Current disagreements regarding the quan- 
tities of each (hypotonic regimens versus hypertonic regimens) appear to 
be, at least in part, a reflection of not only differences in patient 
populations but also of the magnificent physiologic and metabolic re- 
serves of many of these patients. The well-known, often observed fact 
that virtually any solution containing sodium will effect resuscitation 
with 100 per cent survival in young healthy adults attests to the 
metabolic reserve capacity in these individuals. The nature and quantity 
of the resuscitative regimen become more critical, however, in severe 
burns (greater than 35 per cent of body surface area) and in those burns 
occurring at both ends of the age spectrum. The burn injury places these 
patients at the limits of their physiologic reserve, incapable of tolerating 
either volume or solute over- or under-resuscitation. 


* Assistant Professor of Surgery (Plastic), Section of Plastic and Reconstructive Surgery, Yale 
University School of Medicine, New Haven, Connecticut 
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The Basis for Hypertonic Resuscitation 


Many biochemical assays of burn blister fluid have confirmed the 
near isotonicity of this fluid with respect to its sodium content. In fact, 
early studies demonstrating isotonic.sodium loss into blister fluid were in 
large part responsible for the development of many isotonic fluid resusci- 
tation regimens. One important observation, made initially by Fox’ and 
repeatedly confirmed even in recent studies,'' was that sodium losses into 
burned skin quantitatively exceeded what would be expected on the basis 
of an isotonic accumulation. In other words, thermally injured skin 
behaves as a sodium sponge. Sodium elevations are observed both 
intracellularly and extracellularly, with the latter predominating. The 
accumulation of extracellular sodium is observed principally in dermal 
collagen. Experimentally, accumulation of sodium begins immediately 
after burning and reaches a peak within 24 hours. 


Current Concepts of Hypertonic Resuscitation 


Though resuscitation with hypertonic sodium solutions was at- 
tempted successfully both experimentally and clinically by numerous 
investigators, Monafo'*!® must be credited for having performed the first 
convincing clinical trials that demonstrated not only the feasibility of 
using hypertonic sodium solutions but their superiority to either isotonic 
or hypotonic regimens. His initial regimen consisted of adminstration ofa 
solution containing 300 mEq per liter of Na*, 100 mEq per liter of 
chloride, and 200 mEq per liter of lactate at a rate sufficient to maintain 
an hourly urine output of 30 to 40 ml in adults. Experience with the 
regimen subsequently dictated changes in composition directed princi- 
pally at a modest reduction of the sodium concentration to 250 mEq per 
liter to circumvent the problem of hypernatremia seen initially in pa- 
tients with severe burns. 

The composition of hypertonic lactated saline as developed by 
Monafo and currently used clinically is compared with the standard 
hypotonic Parkland regimen in Table 1. Final concentrations of lactate 
and chloride in hypertonic lactated saline differ somewhat among inves- 
tigators, and it is doubtful that these variations are of practical clinical 
significance. Hypertonic lactated saline is most easily prepared by adding 


Table 1. Hypotonic Versus Hypertonic Resuscitation 


HYPOTONIC 
REGIMEN (PARKLAND) HYPERTONIC 

Electrolytes 

Nat 130 250 

Kt 4 — 

Clz 109 150 

Care 3 — 
Lactate (racemic) 28 100 
Colloid — a 
Osmolarity 274 500 


a Ee eee 
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2 ampules of sodium lactate (50 mEq each) to one liter of normal saline 
solution (with a sodium concentration of 154 mEq per liter). Sodium 
lactate rather than sodium chloride is used to provide the additional 
sodium ion, since the addition of large quantities of chloride anion would 
induce metabolic acidosis by reason of the chloride displacement of the 
normal serum bicarbonate. The lactate anion (l-isomer), on the other 
hand, is rapidly metabolized even in profound shock. A central venous 
line is not a prerequisite for administration of hypertonic lactated saline. 
Any large bore peripheral venous route will suffice, and is at least 
theoretically preferable, as it avoids the potential risks of transient 
swings in electrolyte composition of intracardiac blood. 

Adults can be resuscitated efficiently and safely with hypertonic 
lactated saline, avoiding water overloading. As Monafo’s studies demon- 
strate, the salt loads administered in hypertonic resuscitation of adults 
are comparable to those in standard hypotonic (lactated Ringer’s solution) 
resuscitation, both approximating 0.5 mEq of Na* per kg of body weight 
per percentage of body surface area burned. Patients resuscitated with 
hypertonic lactated saline, however, receive only about two-thirds of the 
water load given in hypotonic resuscitation. The efficacy and safety of 
hypertonic resuscitation of severely burned children have recently been 
demonstrated by Caldwell’ in a prospective study of children with 
thermal burns of 30 per cent or greater of body surface area. Again, the 
potential risks of water overloading are circumvented in hypertonic 
resuscitation. 

As with any resuscitative regimen, recommended rates of adminis- 
tration of fluid derived from formulae are purely guidelines for initial 
therapy which must be monitored continuously and modified as the 
dynamic burn state evolves. During the first 24 hours, hypertonic lac- 
tated saline is administered at a rate sufficient to produce an hourly urine 
output of 30 to 40 ml in adults (that is, 25 to 35 per cent less than 
“optimal” urine output in hypotonic resuscitation) and proportionately 
less in children weighing under 30 kg (0.6 to 0.8 ml per kg per hour). 
Despite its inaccuracies, the hourly urine output remains the best single 
clinical sign of adequate resuscitation, at least in patients whose burns 
are not complicated by multiple system trauma. In the latter group, direct 
assessment and monitoring of left heart function are often required. 

No additional free water is given during the first 24 hours. Infusion 
rates of hypertonic lactated saline during this period average 2 ml per kg 
per percentage of body surface area burned. Calculated insensible water 
requirements are administered during the second 24-hour period in 
conjunction with a proportionate decrease in the rate of administration of 
hypertonic lactated saline. In Monafo’s series, total volume loads ad- 
ministered during the second day averaged 1.5 ml per kg per percentage 
of body surface area burned in adults. In all cases, hypertonic resuscita- 
tion is terminated at 48 hours post burn. 


Metabolic Sequelae of Hypertonic Resuscitation 


Moderate hypernatremia is the rule during resuscitation with hyper- 
tonic lactated saline and it is generally well tolerated. Shimazaki and 
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coworkers®! have observed, however, what appears to be a practical 
clinical limitation. When serum sodium concentration exceeds 165 mEq 
per liter in patients receiving hypertonic lactated saline, urine output 
falls sharply to unacceptable levels. Clinically, therefore, if serum 
sodium concentration exceeds 160 mEq per liter, appropriate parenteral 
and/or oral free water supplementation should be instituted in conjunc- 
tion with at least a temporary reduction in the rate of administration of 
hypertonic lactated saline. 

As one would anticipate, the elevated osmolarity of hypertonic lac- 
tated saline (500 mOsm per liter) regularly induces modest elevations in 
serum osmolarity. Elevations to 310 to 330 mOsm per liter are seen in 
both adults and children. Again, clinically, if the osmolarity exceeds 350 
mOsm per liter, therapy with hypertonic lactated saline should be 
reduced in conjunction with institution of appropriate free water sup- 
plementation. 

Blood lactate concentrations often rise somewhat during the first 24 
hours of treatment (3 to 4 mmol per liter). However, as Monafo has 
demonstrated,'® the exogenously administered lactate is metabolized 
rapidly, with all patients exhibiting a tendency toward development of 
mild alkalosis. In contradistinction, patients resuscitated with lactated 
Ringer’s solution have a proclivity for acidosis. 


Beneficial Effects of Hypertonic Resuscitation 


The foregoing sections have underscored the reliability, safety, and 
efficacy of hypertonic lactated saline as a fluid resuscitative regimen in 
the severely burned patient. Aside from volume replacement, hypertonic 
lactated saline affords three principal categories of benefit, two of which 
are directly related to the induced hypernatremia and hyperosmolarity. 

First, elevation in serum osmolarity generates dynamic osmotic 
gradients both in partially injured tissues and in normal tissues. In the 
former (areas of partial thickness burn, for instance), obligate osmotic 
movement of intracellular water into the extracellular space is reflected 
by a diminution or inhibition of edema in these areas. This is known to 
beneficially affect wound metabolism" and may prevent conversion of a 
zone of stasis to a zone of necrosis. Inflammatory edema of pulmonary 
parenchyma resulting from inhalation injury is reduced similarly by the 
osmotic gradient. Less frequent and less severe respiratory complications 
are seen in patients resuscitated with hypertonic lactated saline as 
opposed to hypotonic regimens. Whether or not the extracellular com- 
partment hyperosmolarity induces movement of water from areas of full 
thickness injury is uncertain and debatable. However, hypertonic resus- 
citation does indeed evoke less edema in the burn wound and, as a result, 
escharotomy is less frequently needed. It should be noted that this 
beneficial effect may, in large part, be related to the lower water loads 
administered to these patients as opposed to an osmotic gradient between 
the extracellular compartment and areas of full thickness thermal injury. 

Second, the burn injury represents a severe traumatic incident with 
resultant endocrine modification of renal function mediated by aug- 
mented secretion of both antidiuretic hormone (ADH) and aldosterone. 
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Renal function, as measured by the rate of urine formation, under these 
conditions is directly proportional to the osmolarity of the ultrafiltrate. 
Thus ultrafiltrate with higher osmolarity effects proportionately greater 
urine output. The relative overloading with free water in hypotonic 
resuscitation regimens cannot induce diuresis in the ADH- and 
aldosterone-controlled kidney. For a given volume administered, 
hypotonic solutions evoke less of a diuretic response than do hypertonic 
solutions. The threat of volume overload and its sequelae in the hypotoni- 
cally resuscitated patient is a real one since the incorrect assumption is 
made that urine output in these patients is a function of the flwid load as it 
is in the normal state of affairs. On the contrary, in the burn patient, urine 
output is a function of the osmotic load. 

It is well known that hypotonic resuscitation is attended by prolonged 
hyponatremia. This effect is seen in children* as well as in adults. As 
noted by Caldwell,‘ this situation demands that healthy uninjured cells 
take up water to effect correction of the hypotonic state. In viewing the 
burn as a protracted acute illness, future investigative efforts should be 
directed at the potential untoward effects of sustained intracellular 
hypotonicity. 

The third general advantage of hypertonic resuscitation is not di- 
rectly related to hypernatremia or hyperosmolarity. Rather, it relates to 
the uniformly lower volumes (approximately one-third less) of fluid re- 
quired for efficacious resuscitation. Thus, in volume-sensitive patients, 
the benefit is self-evident. These individuals are usually at one or the 
other end of the age spectrum. Reduced volume in the elderly means a 
reduction in cardiac workload. In infants, the extracellular fluid com- 
partment is small and hypotonic regimens can rapidly produce electro- 
lyte dilution”! and its attendant problems.'’ 


The Role of Colloid 


Several years have elapsed since the oft-quoted statement of Mon- 
crief appeared in the New England Journal of Medicine”’ in which he 
asserted that those using colloid as part of the first post-burn day regimen 
had little in their favor aside from tradition. Investigative skills have 
certainly risen to new standards since then, and more recent work only 
confirms the basis for this statement.”* Microvascular permeability to 
macromolecules is immediately increased in the region of the thermal 
injury. Moreover, in extensive burns (over 30 per cent of body surface 
area), increased microvascular permeability is seen in tissues remote 
from the injury site. Though the mechanisms are incompletely under- 
stood, it appears that the changes are the result of both direct thermal 
injury and chemical mediators of inflammation. The observations of the 
vasodilatory prostaglandins PGE,, PGE,, and PGE,, in secretions from 
human burn wounds has stimulated recent intense investigation into the 
possibility of pharmacologic manipulation of potentially reversible re- 
gions of thermal injury. 

As unclear as the mechanisms producing increased microvascular 
permeability might be, those responsible for its reversal are even less 
well understood. Clinically, the functional barrier between the vascular 
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and extravascular compartments is completely lost in the severely 
burned patient for a variable period lasting usually 24 to 36 hours. 
Thereafter, microvascular integrity is restored over the ensuing hours. 
From a practical standpoint, therefore, one should avoid the administra- 
tion of colloid during at least the first 24 to 48 hours post burn. 


INHALATION INJURY 


The term “inhalation injury” is the currently accepted designation 
for respiratory tract damage that occurs when the products of incomplete 
combustion are inhaled. It is preferred over such terms as “‘pulmonary 
burn,” since the latter connotes a rather specific injury that does not 
always constitute the clinical picture. True pulmonary burns are rare. As 
early as 1945, Moritz” demonstrated experimentally that direct heat 
injury of the lower airway could not be produced without concomitant 
pulmonary incineration. The heat-carrying capacity of dry air and of other 
dry gases is quite low in comparison with the tremendous heat absorption 
capacity of the tracheobronchial tree. Direct pulmonary thermal injury is 
only seen under circumstances in which the victim inhales substances of 
high heat capacity such as superheated steam. 

Inhalation injury is really a chemical burn involving the tracheo- 
bronchial tree. This burn, depending upon the type and duration of 
exposure, precipitates the development of chemical tracheitis or 
pneumonitis or both of varying degrees of severity. The chemical injury 
and its sequelae are responsible for the clinical picture observed in 
inhalation injury. 

Smoke is a complex aerosolized mixture of solid and microdroplet 
particulates in a medium of gases. Regardless of the material being 
burned, the most abundant gas is carbon monoxide. This gas, as we 
know, has an affinity for hemoglobin which is 250 times greater than that 
of oxygen. It is not, however, irritating to the trachea or pulmonary 
parenchyma and is not a primary causative factor in inhalation injury. 
Rather, the target organs for carbon monoxide poisoning are those with 
the highest oxygen demands—the brain and the myocardium. The effects 
of carbon monoxide are potentiated by carbon dioxide. Together, these 
two gases are thought to be responsible for a large proportion of deaths at 
the scene of a fire.'°!? The mechanism is basically asphyxia-obtundation. 
Victims surviving to reach the hospitals are effectively treated by simply 
increasing the FiO, so as to displace the carbon monoxide that is bound to 
hemoglobin. 

The chemical agents that cause what we know as inhalation injury 
are a heterogeneous group, with the predominating species depending 
upon the material being burned. Inorganic compounds, such as hydro- 
chloric and sulfuric acids, phosgene, and the like, can be found, as well as 
extremely toxic organic substances such as acrolein. Little is known 
about the chemical nature of substances carried by the solid particulates 
(soot) inhaled by the victim, though it is reasonable to suspect that the 
products of pyrolysis contribute significantly to the chemical irritation. 
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Pathophysiology 


Inhalation of smoke results in rather immediate cessation of airway 
mucosal ciliary activity in conjunction with chemical alteration and 
disruption of the normal pulmonary surfactant. These two factors alone 
serve to severely compromise the ability of the victim to rid himself of the 
noxious particulate matter. The soot, therefore, remains in contact with 
the mucosal surfaces, producing additional chemical irritation. 

In common with all irritative processes, an inflammatory response 
ensues 6 to 36 hours after injury, with development of mucosal edema of 
both large and small airways. If the injury is severe enough, bronchiolar 
and alveolar damage result, and intense bronchiolar edema then pro- 
duces foci of atelectasis which often become confluent as the syndrome 
progresses. Clinically, in this phase, expectoration of carbonaceous 
sputum is observed. 

Depending upon the severity of the injury, edema is followed by 
sloughing of the tracheobronchial mucosa, development of mucopuru- 
lent pseudomembranes, and progressive airway occlusion. Expectoration 
of mucosal casts is frequently seen during this phase. Bacterial coloniza- 
tion is then superimposed to complete the picture, along with the 
development of bronchopneumonia, the commonest cause of morbidity 
and mortality in these patients. It has been demonstrated that, in general, 
the bacterial flora of the respiratory tract qualitatively resemble the flora 
of a burn wound, and changes parallel one another.”* 

Clinically, the manifestations of inhalation injury more often than 
not lag considerably behind the molecular and cellular events. Classi- 
cally, these clinical manifestations of coughing, wheezing, and produc- 
tion of carbonaceous sputum are seen during the second post-burn day. It 
is the ‘‘calm before the storm” that may prove misleading and delay 
diagnosis and adequate treatment. Only in cases of severe inhalation 
injury do the signs of respiratory distress (adult respiratory distress 
syndrome) develop in the first few hours. 


Diagnosis 

The clinical criteria most often utilized in the diagnosis of inhalation 
injury, though helpful, are subject to so much variability that errors in 
diagnosis are no surprise (Table 2). While almost two-thirds of patients 
with inhalation injuries have associated facial burns, more than three- 


Table 2. Diagnosis of Inhalation Injury 


Clinical Criteria 
History of a closed space injury 
Flame burns of the face 
Evidence of singed nasal vibrissae 
Brassy cough with wheezing 
Production of carbonaceous sputum 
Objective Tests 
33X%e lung scan 
Fiberoptic bronchoscopy 
Pulmonary function tests 
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fourths of patients with facial burns do not have inhalation injury. 
Likewise, the criterion of having sustained the burn in a closed space, 
though a sufficient condition for inhalation injury, is not a necessary 
condition for same. Open area accidents also produce inhalation injuries. 

Two objective tests, available at most centers, are capable of provid- 
ing greater than 90 per cent accuracy in the diagnosis of inhalation 
injury. These are the xenon (1**Xe) lung scan and fiberoptic bronchos- 
copy. Additionally, pulmonary function studies, especially peak flow,”’ 
can be of great assistance in estimating the severity of the injury and in 
following its course. 

33X%e lung scanning for the diagnosis of inhalation injury was intro- 
duced by Moylan and coworkers in 1972.”° It simply entails the intrave- 
nous administration of 10 uCi of **Xe, a poorly water-soluble radioactive 
gas. Xe is excreted almost completely into the alveoli on its first 
circulation through the pulmonary bed. In normal individuals, the gas is 
completely expired (washout) in less than 90 seconds. The edema of 
inhalation injury results in a delay in washout and asymmetric washout, 
both of which are easily detected when the chest is scanned with a 
gamma camera. This test is virtually free of false positives if patients 
with pre-existing bronchitis, determined by history, are excluded. The 
false negative tests are generally seen in scans performed beyond the 
third post-injury day, and have been attributed! to rapid washout of the 
gas as the result of hyperventilation. 

Direct inspection of the airway with a fiberoptic bronchoscope allows 
the clinician to identify inhalation injury from the level of the supraglot- 
tis to the subsegmental bronchi. Evidence of inflammatory edema, 
mucosal sloughing, formation of mucopurulent pseudomembrane, and 
soot provide the objective criteria for establishing the diagnosis of 
inhalation injury. Clinically, bronchoscopy should be performed only in 
resuscitated and at least hemodynamically stable patients. Pre- 
bronchoscopy chest x-ray films and arterial blood gases should be routine. 
Administration of 100 per cent oxygen by mask for two to three minutes 
before bronchoscopy is especially helpful in patients with marginal 
respiratory compensation and in older patients. In dyspneic or stridorous 
patients, a nasotracheal tube may be slipped over the end of the fiberoptic 
bronchoscope. Nasotracheal intubation may then be performed safely 
under direct vision while simultaneously assessing the supraglottic, 
glottic, and infraglottic larynx. 

As noted by Moylan,”! the use of these objectives criteria permits 
more accurate diagnosis. Early studies, employing solely the clinical 
criteria, placed the incidence of inhalation injury in the 3 to 10 per cent 
range of patients with thermal burns. The actual incidence, however, is 
30 to 40 per cent.”® Xe lung scanning and bronchoscopy should be used 
to complement one another, as the latter is most accurate in the assess- 
ment of the larynx and main stem bronchi, whereas the former is best 
utilized in the evaluation of bronchiolar and alveolar injury. 


Treatment 


The treatment of inhalation injury is largely symptomatic. Therapeu- 
tic modalities are dictated by the location and the severity of the injury. 
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Upper airway injury will produce obstruction generally within 24 to 36 
hours post burn. The treatment consists of nasotracheal intubation. 
Urgent tracheotomy can be avoided if the diagnosis is established early by 
bronchoscopy and serial physical examination. Intubation is preferable to 
tracheotomy, since the edema of acute upper airway inhalation injury 
usually subsides during the first post-burn week. 

In patients with degrees of injury not requiring intubation, meticu- 
lous pulmonary toilet and pulmonary physiotherapy (scheduled cough- 
ing, deep breathing, and percussion) in a warm, humidified environment 
with adequate oxygen are the keys to successful management. Useful 
adjuncts include intermittent positive pressure breathing and ultrasonic 
nebulizers. Repeated bronchoscopy (therapeutic) to clear mucopurulent 
debris and soot is reported to be of advantage.*’ Patients who are unable to 
comply with the regimen of coughing to clear the airway would seem to 
be the best candidates for serial bronchoscopy. 

Systemic antibiotics play no prophylactic role in inhalation injury. 
The same holds true for prophylactically administered aerosolized antibi- 
otics.** The insult is a chemical one and prophylactic antibiotics only 
encourage the emergence of resistant bacterial strains. Bacteriologic 
surveillance by serial sputum cultures every 48 hours should be routine. 
This will allow prompt institution of appropriate antibiotic coverage if 
pneumonia develops. 

One might expect that since the injury is a chemical one, corticoste- 
roids may be beneficial in ameliorating the inflammatory changes and 
thereby reduce the morbidity and mortality of inhalation injury. How- 
ever, numerous studies involving both animal models and clinical 
trials**’* have failed to show any durable benefits of systemic corticoste- 
roid therapy. On the contrary, patients treated with steroids exhibit 
mortality and morbidity rates three to four times higher than comparable 
groups treated with placebos. With this evidence in hand, steroids are 
contraindicated in patients with inhalation injury. 

Finally, it is important to underscore the importance of careful fluid 
management in these patients to minimize the sequelae of pulmonary 
edema and adult respiratory distress syndrome. A moderate fluid (free 
water) overload may be tolerated by the patient with severe burns but 
without concomitant inhalation injury. On the other hand, the patient 
with both injuries has lost his pulmonary reserve and cannot tolerate the 
fluid excess. By way of review of the preceding section, hypertonic 
resuscitative regimens, by design, avoid the administration of excess free 
water and are especially useful in patients with inhalation injuries. 


ACUTE GASTRODUODENAL ULCERATION 


_Acute duodenal ulceration associated with severe burn injuries was 
first described in detail by Curling in 1842.’ Since that time, the term 
“Curling’s ulceration” has come to be associated with gastric ulcers and 
gastroduodenal erosions as well. A large clinicopathologic study pub- 
lished in 1970 reported an incidence of gastric and/or duodenal ulceration 
in burn patients of approximately 12 per cent.*’ A direct relationship was 
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observed between ulcer incidence and burn size, with the figure rising to 
40 per cent in burns involving 70 per cent of body surface area. Often 
remembered from this study is the rather striking association of Curling’s 
ulcers with sepsis, the latter presumably playing the role of an additional 
stress. Less well-remembered is the observation that this association 
seems to obtain only in patients with burns of less than 50 per cent of 
body surface area. In more severe burns, sepsis does not appear to alter 
the incidence of ulceration because these patients are maximally stressed 
already. 

More recently, the incidence and clinical course of acute gas- 
troduodenal disease were studied prospectively by serial fiberoptic gas- 
troduodenoscopy.* The most striking finding was the rapidity of develop- 
ment of acute gastric and duodenal erosive lesions. Within 72 hours of 
burning, 75 per cent of patients exhibited such lesions (average burn size 
in this population was 56 per cent of body surface area), with half of them 
progressing to frank ulceration. Gastric lesions predominated over 
duodenal lesions, and, in the stomach, lesions occurred most frequently in 
the fundus. It is reported that the incidence of significant hemorrhage is 
about 20 per cent and that of perforation is 5 per cent in patients with 
burns of greater than 35 per cent of body surface area who are not 
receiving antacid prophylaxis.’ 


Pathogenesis 


The pathogenic mechanisms producing Curling’s ulceration have not 
yet been elucidated, though it is clear that high concentrations of gastric 
acid are essential to the development of clinically evident ulceration. 
Though disruption of the gastric mucosal barrier does occur," it is 
uncertain whether the disruption is primary and causally related or not. 
Current opinion favors a primary alteration in gastric mucosal blood flow 
in the face of high gastric acid concentration as the etiologic mechanism 
involved in ulcerogenesis.’ 

Diagnosis 

In the face of nearly uniformly effective prophylactic measures, 
gastroscopic evaluation of the asymptomatic patient receiving 
prophylaxis is unwarranted. In Pruitt’s series,”’ the majority of patients 
with ulceration exhibited evidence of gastrointestinal bleeding, two- 
thirds as hematemesis and one-third as melena. Less than one-fourth of 
patients with frank ulceration were entirely asymptomatic. If symptoms 
or signs of gastroduodenal ulceration supervene, however, complete 
diagnostic gastroduodenoscopy should serve as the cornerstone of the 
diagnostic work-up. 


Prophylaxis and Treatment 


Early effective control of gastric acidity is the key to the successful 
prophylaxis of gastroduodenal ulceration in the patient with severe 
burns. This was first demonstrated prospectively by McAlhany'® in a 
series of patients with burns averaging 66 per cent of body surface area. 
Controlling the pH of the gastric aspirate at 7 by nasogastric administra- 
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tion of antacid resulted in a reduction of the incidence of gastroduodenal 
hemorrhage from 25 per cent in the control group to 4 per cent in the 
antacid group. One case of perforation was observed in the control group, 
whereas none occurred in the antacid group. 

Since we know that erosive lesions, which are the harbingers of frank 
ulceration, occur within 72 hours post burn, prophylaxis must be insti- 
tuted as soon as practical and should be a routine in the early manage- 
ment of the patient with severe burns. To wait for signs of gastroduodenal 
ulceration to develop is to court disaster. Nasogastric intubation is 
performed during the resuscitation, and a standard proprietary antacid 
preparation is administered in quantities sufficient to raise the pH of the 
gastric aspirate to levels of 5 or above. Remembering that the pH scale is 
logarithmic, and the maximal gastric acidity is about pH 1, then raising 
the pH to 5 is effectively reducing the concentration of the hydrogen ion 
from 0.1 M to 0.00001 M or to 0.01 per cent of its maximal level. Any 
further reduction is probably not significant at the gastric mucosal level, 
but the additional antacid load may predispose the patient to metabolic 
alkalosis or troublesome diarrhea. In patients with renal insufficiency, 
the extra antacid is certainly a cause for concern. 

Once oral alimentation is instituted, nasogastric antacid therapy is 
replaced by oral dosages of 60 ml given two hours after each meal, at 
bedtime, and again at 4:00 am. In severe burns, treatment is continued 
for at least two weeks, and longer if sepsis or other stressful situations 
supervene. 

Recently, cimetidine, an H,-receptor antagonist, has gained favorasa 
considerably less cumbersome alternative to the antacid regimen. In a 
well-performed prospective, randomized, double-blind endoscopic study, 
McElwee and coworkers have confirmed that cimetidine is equally 
effective as antacid in the prevention of acute gastroduodenal disease and 
its complications.'® Additionally, their study did not support an earlier 
concern that cimetidine may produce intestinal ileus.*® As prophylaxis, 
cimetidine is administered at a dosage of 400 mg every four hours for the 
first 10 days post burn. At the end of this period, the frequency of 
administration is reduced to every six hours unless signs of sepsis or 
other stress develop. 

Effective prophylaxis of acute gastroduodenal disease in children 
using a regimen of milk, diazepam, and psychologic support was reported 
from the Shriners Burns Institute, Galveston.*® Contrary to the authors’ 
contention, milk has little effect on gastric pH. A very brief buffer effect 
is followed by a protein-induced hypersecretion. The benefits derived 
from this regimen are largely those resulting from pharmacologic and 
psychologic stress reduction in conjunction with satisfaction of nutri- 
tional demands. 

While the indications for operative intervention in patients with 
Curling’s ulceration (perforation and uncontrollable hemorrhage) remain 
unchanged, the prophylactic regimens of antacid and cimetidine, when 
instituted during resuscitation, have effected a dramatic reduction in the 
numbers of patients requiring such intervention. When operation is 
necessary, consensus dictates that vagotomy constitute an essential 


1032 CHARLES B. CUONO 


element of the procedure. Though some would still disagree with the 
choice of a resection procedure, it is generally recognized that the 
incidence of recurrent bleeding after vagotomy and a drainage procedure 
is prohibitively high and these patients are ill able to tolerate secondary 
operations. For these reasons, vagotomy in conjunction with an adequate 
resection is recommended in patients requiring operation for Curling’s 
ulceration. 
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In this age of increasing high speed vehicular and recreational 
accidents, acute spinal injuries continue to present a therapeutic chal- 
lenge to trauma surgeons. Because of the high association with spinal 
cord injury, osseous spinal injuries may be the most devastating injury 
compatible with life that an accident survivor can sustain. Few tragedies 
exceed that of the vigorous adolescent rendered permanently quadri- 
plegic and forever dependent on others for all bodily functions and care, 
while retaining sharp mental function. 

Although acute spinal injuries increasingly are being referred to 
regional spinal injury units, it is still the responsibility of trauma sur- 
geons and emergency medical personnel to make decisions that may 
affect the ultimate fate of these patients. These decisions are centered on 
the crucial problem of stabilizing acute spinal chondro-osseous injuries. 
Proper stabilization of spinal injuries is essential for several reasons: 
prevention of acute neurologic damage in the patient initially having no 
cord or root injury; progression of the level of cord loss to chronic 
myelopathy; prevention of late deformity (such as kyphos) with sub- 
sequent neurologic compromise; prevention of a painful pseudarthrosis 
or subluxation at the level of injury; and maximization of rehabilitation 
potential. 

From the time of initial evaluation, every precaution must be taken to 
prevent neurologic damage in the patient with suspected spinal injury. In 
all unconscious, multiply injured patients, spinal injury must be as- 
sumed until proved otherwise and the patient treated accordingly. Simply 
stated, this requires immobilization of the spine in a neutral position. The 
use of spinal injury boards with fixation straps for the head and torso is 
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gradually replacing the use of the sand bag. The careful placement of a 
cervical collar at the scene of the accident is probably quite beneficial for 
cervical trauma. These patients must be transferred and handled with 
great care to avoid excessive flexion or extension of the spinal region 
suspected of injury. 

Screening roentgenograms of the suspected level of injury are a first 
priority in the triage process. These screening films should include a 
lateral view of the cervical spine and other spinal regions suspected of 
trauma. Anteroposterior and oblique views should then be taken of any 
area that appears suspicious on lateral views. Special views, such as the 
open mouth view of C2 (dens), should also be considered. Visualization of 
the entire cervical spine to T1 can usually be obtained by having an 
assistant apply traction to both arms, thereby depressing the shoulders. 
However, a swimmer’s view may be necessary. Failure to visualize all 
cervical vertebrae, including the dens (odontoid process), accounted fora 
16 per cent incidence of misdiagnosis in one series.” 

Conditions associated with spinal trauma should not be overlooked, 
particularly in the multiply injured patient. Severe facial trauma has a 
very high association with injuries of the upper cervical spine. Any 
patient with multiple trauma presenting with large scalp or chin lacera- 
tions or mandibular or tripod fractures must be carefully evaluated for 
associated injury of the upper cervical spine. 

High cervical injuries with associated cord injury are often accom- 
panied by respiratory insufficiency and hemodynamic instability. Be- 
cause of sympathetic disruption the clinical triad of hypotension, 
hypothermia, and bradycardia is often associated with these high cervical 
cord injuries. This may be an important differential point in the multiply 
injured patient. 

There is a high incidence of hemopneumothorax and traumatic 
disruption of the thoracic aorta in thoracic spine injuries. Patients with 
disruptions of the thoracic cord may also display hypotension on the basis 
of sympathetic disruption. 

Injuries to the lumbar spine may result in more insidious but equally 
devastating intra-abdominal injuries. Cord injury may negate the pain 
and abdominal rigidity that usually indicate intra-abdominal injury. 
Peritoneal lavage should be considered in the unconscious patient with 
lumbar fracture dislocation or in the conscious patient with otherwise 
unexplained hypotension. A negative lavage does not rule out large 
retroperitoneal hematomas. Patients may have negative abdominal 
examinations until the hematoma ruptures intraperitoneally, with sud- 
den hemodynamic collapse. 


NEUROLOGIC STATUS 


An accurate determination of neurologic status is absolutely essential 
in any patient sustaining chondro-osseous vertebral injury. Is the neuro- 
logic lesion complete and unchanging when the patient arrives in the 
emergency room? Is there evidence of sacral sparing? If the patient is 
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neurologically intact upon arrival, does a neurologic lesion subsequently 
develop? If so, does it plateau or continue to worsen? Are there obvious 
fragments of bone, cartilage, or disc material impinging upon the cord, 
cauda equina, or specific spinal nerve roots? 

If the patient shows complete loss of cord function, what is to be 
gained by operative stabilization of the vertebral injury? First, stability 
minimizes risk for upward progression of the cord damage. Pathologic 
motion and chronic irritation of the remaining cord may cause ascending 
myelopathy and worsening of the level of dysfunction. In a cervical injury 
this may remove the last remaining function in an arm or shoulder. If the 
patient has sacral sparing, continued motion may damage the remaining 
long tracts and cause loss of these essential functions. The spine may 
progressively deform, creating a structural change that can be painful 
and may predispose to decubitus formation, especially if dealing with a 
thoracolumbar kyphosis. Finally, if the paraplegic or quadriplegic patient 
is stabilized, nursing care is greatly facilitated. 

If an incomplete or progressive lesion is present, much more benefit 
can be gained from stabilization. An essential part of stabilization is 
reduction of any dislocation and possible reduction of impinging frag- 
ments. Partial or complete laminectomy for decompression may remove 
residual elements of stability and necessitates some type of acute and 
long-term fixation. 

The appropriateness of decompression is always a difficult issue. 
There is little evidence that anything can be improved if the lesion is 
complete or more than 12 hours have elapsed.'* However, the incomplete 
lesion, the progressive lesion, or a lesion that develops after an initially 
normal evaluation has been obtained may improve dramatically with a 
combination of reduction and decompression. 

The adjunctive use of dexamethasone to decrease cord edema may 
have some benefit. However, even the use of this drug does little to 
improve the outlook, especially if multiple injuries necessitate deferring 
attention from a spine injury. Localized spinal cord cooling with iced 
saline irrigation has resulted in some improvement in cord function 
experimentally, and certainly may improve the outlook for decompres- 
sive surgery, but at the moment the procedure has little to offer clini- 
cally,! 


DETERMINATION OF STABILITY 


Having determined that a spinal chondro-osseous injury exists, 
whether or not there is neurologic damage, the surgeon must decide 
whether the injury is stable or unstable, specifically define what osseous 
and soft tissue damage is present, and design a plan of treatment 
accordingly. Perhaps the worst thing that can be done for these patients 
is to attempt anterior decompression and fusion when there has been 
major disruption of posterior soft tissue. This may remove the last 
element of intrinsic stability (the anterior longitudinal ligament). Poste- 
rior reduction and fusion is usually a more appropriate approach, as it 
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directly attacks the most unstable damaged area and does not preclude 
concomitant decompression. 

The definition of stability in each of the spinal regions is currently the 
subject of intense research and beyond the scope of this paper. However, 
there are some general concepts that may help to clarify this rather 
confusing topic. A simplified model of the spine analogous to a level and 
fulcrum arrangement may be constructed (Fig. 1). An anterior column of 
support composed of vertebral bodies and intervertebral discs resists 
compressive forces derived from the weight of the head and torso. A 
posterior column of support comprising the lamina, ligamentum flavum, 
spinous process, and interspinous ligament resists tension forces derived 
from the center of gravity lying anterior to the spine, thus setting upa 
rotational component at each spinal segment. The fulcrum that balances 
these two columns of support is the paired intervertebral joints, the 
integrity of which is crucial in formulating any plan for stabilization. 
A logical attempt to stabilize the unstable spine must take into account 
these two major opposing forces—compression anteriorly and tension 
posteriorly. A construct that fails to do this is subject to eventual 
deformation over the course of time. 

Stability can be simplistically assessed in terms of the degree of 
injury to these four columns of support: the anterior column (primarily 
bone and disc), the posterior column (primarily soft tissue), and two 
lateral columns (primarily composed of joints and capsular tissue). If any 
three of these four columns of support are injured, an unstable situation 
almost surely exists. This situation may occur even in the absence of 
fractures, as exemplified by bilateral cervical facet dislocation in which 
extensive injury to anterior and bilateral lateral soft tissue must have 
occurred. If only one or two of the columns are involved, it may be 
necessary to perform carefully supervised roentgenograms of flexion and 


Figure 1. Analogues of mechanical forces at work on the spine. Compression (C) is 
exerted on the anterior column of support as a result of the center of gravity being anterior to 
the vertebral column similar to the construction crane or a simple lever and fulcrum 
arrangement. To prevent collapse of the system, however, this force must be counterbalanced 
by an appropriate tension force (T) as illustrated. 
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extension to determine the presence of excessive motion. Some of the 
generally accepted criteria for this determination are illustrated in Figure 
2. Injuries involving only one column of support, such as isolated 
compression fractures of the thoracic or lumbar spine or isolated spinous 
process fractures, are usually intrinsically stable. It is essential to realize 
that initial determination of stability usually has to be revised as the 
result of surgical decompression of the spinal cord. 


STABILIZATION 


Having determined that an injury is unstable, stabilization must be 
achieved for the reasons stated previously. Two basic options exist— 
prolonged, nonsurgical immobilization (traction frames, casts, haloes) in 
as near anatomical position as possible, or definitive surgical stabiliza- 
tion. The ultimate decision must be based on individual circumstances 
and is best approached on a regional basis. 
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Cervical Injuries 


The majority of cervical fractures or dislocations are best managed 
acutely with cervical traction. Any of a number of skull tongs or a halo 
apparatus can be used for this purpose, observing the general rule of 
starting with five pounds and adding an additional five pounds per level 
down to and including the level of injury. The Gardner-Wells tongs are 
preferred in our institution because of their ease of application and surety 
of fixation through intact skin. Traction is initially applied in the direction 
of the deformity and not necessarily in line with the patient’s body. 
Frequent lateral roentgenograms must be obtained to ensure the efficacy 
of traction and to detect overdistraction. The one exception to traction in 
cervical injuries is the hangman’s fracture of the lateral masses of C2 
(traction may complete the ‘“hangman’s task”). Because of anatomical 
and biomechanical differences, cervical spine injuries can be divided into 
upper (occiput to C3) and lower (C3 to C7). 

Unstable atlanto-occipital injuries usually consist of bilateral disloca- 
tion and are rarely reported because of the high associated mortality. 
Reduction may be obtained with traction in most cases, followed by 
fusion from occiput to C3 with wire fixation of bone grafts, and followed 
by external support with a halo apparatus.’ 

Atlanto-axial instability may result from the rupture of the transverse 
ligament of the dens or by fracture of the dens. These lesions are 
characteristically without neurologic deficit, but may cause sudden 
death from a second injury if not properly stabilized. Initially, this can be 
accomplished by cervical traction, but controversy exists regarding the 
need for surgical stabilization. Many centers advocate the use of a 
halo-thoracic apparatus or Minerva jacket.'! We have found the rate of 
complications to “be unacceptably high and patient tolerance unac- 
ceptably low, and reserve their use for fracture of the ring of Cl 
(Jefferson) and fractures of the lateral masses of C2 (hangman). We have 
found surgical stabilization to be more satisfactory from the standpoints 
of early mobilization and rapid healing, particularly in the neurologically 
compromised patient, in whom the avoidance of respiratory restrictions 


Figure 3. Atlantoaxial fusion (Brook’s) for dens (odontoid) fracture or transverse liga- 
ment rupture. Wedge-shaped grafts are obtained from the posterior superior iliac spine and 
positioned in the Cl-2 interspace in such a way that they resist rotation as well as horizontal 
displacement in ‘‘brake shoe’”’ fashion. 
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Figure 4. Deformity of the in- TENSION 
jured spine occurs as the result of 
mechanical forces acting upon it. 

The mechanism of injury to the 
spinal cord is obvious. 
\ 


and propensity to decubitus formation from the thoracic component of 
the apparatus must be considered. In our institution, atlanto-axial insta- 
bility is treated by C1-2 interlaminar fusion (Brooks method) (Fig. 3).° 
This has resulted in a higher rate of fusion with greatly decreased time of 
immobilization.°® 

A large proportion of lower cervical injuries results from a hyperflex- 
ion mechanism, with the prototype being the comminuted compression 
fracture of the body associated with posterior ligamentous disruption. 
This results in a traumatic kyphotic deformity, with further narrowing of 
the neural canal (Fig. 4). Commonly the facet joints remain intact, 
providing the fulcrum discussed previously. Taking into account the two 
opposing forces acting on this lesion and utilizing the facet joints as 
fulcrums, this injury can be stabilized in a logical manner. By restoring 
the tension-resisting posterior ligaments with interspinous process wir- 
ing and bone grafts, this lesion usually can be anatomically reduced. By 
placing the neck postoperatively in flexion-blocking external support, 
anterior compression forces can be resisted until the comminuted body 
fracture heals.* In instances of anterior encroachment of the neural canal 
by disc or bony fragments, anterior vertebrectomy with strut grafting, 
accompanied by posterior interspinous wiring, may be necessary to 
provide adequate stability. 

In multi-level laminectomy, the posterior, tension-resisting struc- 
tures have been removed surgically, along with some or all of the lateral 
(facet joint) columns, with the potential of progressive deformity (swan 
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Figure 5. Multi-level laminectomy stabilized by facet fusion. Removal of posterior 
elements eliminates tension counterforces and predisposes to angular (kyphotic) deformity. 
Since the fulcrums (facet joints) are intact, deformity can be eliminated by blocking rotation at 


these points using a long iliac strut graft wired to the joints. 


Figure 6. Stabilization of a more extensive cervical injury utilizing an “H”’ graft. 
Traumatic or surgical decompression of the fulcrum (facet joints) has occurred, necessitating 
its replacement in order to prevent axial collapse and angular deformity. This can be achieved 
with the use of an ‘“‘H” graft, which restores the fulcrum function and resists collapse, in 
conjunction with an interspinous tension band posteriorly, which resists angular deformity. 
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neck) from inadequately resisted, anterior compression forces.'® In this 
instance, bilateral facet fusion, utilizing iliac crest strut grafts wired to 
facet joints one level above and below the defect, has been found very 
effective in preventing late deformity by restoring posterior tension 
resistance (Fig. 5).' If the facet joints have also been destroyed, either 
traumatically or surgically, a new fulcrum must be provided. This can 
most easily be accomplished by the use of an iliac crest “H”’ graft applied 
to the bases of the intact spinous process above and below the defect (Fig. 
6). In this case, posterior element resistance to tension must also be 
restored by interspinous wiring to prevent later angular deformity. 


Thoracic Injuries 


The thoracic spine differs from other regions because of the inherent 
stability that the thoracic cage provides. Utilizing this fact, many 
thoracic fractures can be stabilized with a hyperextension body cast. 
Initially the patient is nursed on a turning frame until respiratory status 
and associated injuries have been attended, and then a hyperextension 
body cast is applied. We have found this to be more acceptable in terms of 
comfort and expense than the hyperextension braces currently available. 
The exceptions to this form of therapy are instances of neurologic 
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compromise in which surgical stabilization affords early mobility without 
the risk of decubitus formation, and in fracture-dislocations in which 
reduction can only be achieved surgically. 

In these cases the use of Harrington instrumentation has proved to be 
invaluable (Fig. 7). Taking into consideration the deforming forces of 
compression anteriorly and tension posteriorly, we advocate the use of a 
construct utilizing two distraction rods laterally to effect reduction 
(restore vertebral and intervertebral height) and balance compression 
anteriorly, and a midline compression rod applied to the spinous pro- 
cesses to provide a counterbalancing tension force (Fig. 8).!° Intraopera- 
tively, Harrington distraction rod hooks are applied to the facet joints 
(thoracic level) or inferior laminal ridges (lumbar) one or two levels above 
the level of injury, and to the superior laminal ridge two levels below the 
site of injury (Fig. 9). Distraction is then increased until vertebral body 
height is restored, as confirmed by cross table lateral roentgenograms. A 
midline compression rod and hooks are then applied to points im- 
mediately above and below the points of fixation of the distraction hooks. 
This is most conveniently accomplished by application of distraction 
hooks to the spinous processes (Fig. 10). By ‘“‘sandwiching”’ the distrac- 
tion rods in this fashion, further distraction is blocked, deforming forces 
are countered, and a much more inherently stable construct results. This 
construct has the theoretical advantages of more rigid fixation, lower 
incidence of hook dislodgement, shorter fusion extent, and prevention of 
kyphotic deformity over time, all of which have been borne out by clinical 
trials to date. 


Figure 8. Use of combined 
Harrington distraction and com- 
pression rods in the unstable 
thoracolumbar injury. Distraction 
rods reduce the fracture, restoring 
vertebral and _ intervertebral 
height. A midline compression rod 
is then applied to block further 
distraction and restore normal ten- 
sion to the posterior elements. 
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Figure 9. Placement of dis- 
traction rod. Upper hook place- 
ment is in the facet joint (thoracic 


level) or inferior laminal ridge y 
(lumbar level). Lower hook place- 
ment is on the superior laminal j 
ridge. | 


Figure 10. Placement of 
compression rod. Compression 
hooks may be placed over a 
superior laminal ridge, into the 
lamina itself, or around a spinous 
process at the upper site. Lower 
hooks are most conveniently 
placed beneath a spinous process. 
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Injuries of the Thoracolumbar Junction 


Because of the unique forces acting at the thoracolumbar junc- 
tion—a long fixed lever arm (thoracic spine) acting on a relatively mobile 
lumbar spine—these injuries are more common. The highly unstable 
flexion-rotation injury described by Holdsworth in coal miners is a good 
example of a fracture in this region which requires stabilization.’ Injuries 
to this region frequently result in a “conus” or “‘cauda equina”’ neurologic 
deficit, which carries a much more favorable prognosis than higher 
lesions. Because the injury is primarily of the root rather than cord, it 
may benefit greatly from early mobilization. These injuries are treated 
first by nursing on a turning frame until associated injuries are under 
control, then with surgical reduction and/or decompression followed by 
stabilization using the Harrington compression-distraction rod construct. 
Patients are mobilized as rapidly as their condition permits in a short 
body jacket for three months, followed by a Bennett brace until fusion 
maturity is evident. 


Lumbar Injuries 


Many of the injuries in the lumbar region are of the ‘“‘bursting”’ type, 
frequently with bone fragments in the neural canal, and often are 
accompanied by lumbar root deficit. These injuries usually require 
decompression, though a trial at operative reduction using Harrington 
instrumentation should be attempted and intraoperative lateral roent- 
genograms reviewed prior to laminectomy (which further increases 
instability). If laminectomy is performed, the combined Harrington 
compression-distraction rod construct is utilized along with a bone graft. 
However, the majority of lumbar fractures are of the compression type, 
with no apparent posterior compromise. These injuries are frequently 
very painful, may be associated with a paralytic ileus, and kyphotic 
deformities may develop over time. These injuries are best managed by 
bed rest until an acceptable comfort level has been achieved, followed by 
the application of rigid lumbar orthosis until healing is evident. 


SUMMARY 


Stabilization of acute spinal injuries is of prime importance in 
prevention of further neurologic compromise, prevention of late spinal 
deformity with associated risk of neurologic compromise, prevention of 
painful pseudarthrosis, and in maximizing rehabilitation. Many ques- 
tions regarding the best care and stabilization of the injured spine, 
particularly those associated with spinal cord injury, remain unan- 
swered. Certainly a diversity of opinion regarding these issues exists 
between various centers throughout the country today. Hopefully the 
development of the Regional Spinal Cord Injury Center concept will 
allow collection of clinical data sufficient to standardize care of these 
patients in the future. 
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Symposium on Complex Surgical Problems 


Spinal Cord Injury: Indications for 
Operative Intervention 


Franklin C. Wagner, Jr., M.D.,* and 
Bahram Chehrazi, M.D.+ 


The indications for surgery in the patient with a spinal cord injury 
may be either neurosurgical or orthopaedic or a combination of the two. 
Before considering whether surgery would be appropriate, measures 
must be taken to assure that no further neurologic injury occurs, anda 
careful neurologic and radiologic evaluation must be performed to de- 
termine the extent and nature of the spinal cord and spinal injury. In our 
experience, these usually can be accomplished readily. Once done, the 
decision as to type of treatment can be made more reasonably. 


Neurologic Evaluation 


The neurologic examination is performed with special attention to 
evidence of function distal to the level of injury. It is repeated frequently 
as the patient is being further evaluated so as to detect any deterioration 
or improvement that may be occurring. 

Confusion exists as to what should be regarded as the level of the 
spinal cord injury and as to what portion of the neurologic deficit is the 
result of spinal cord damage as opposed to nerve root damage.” It has 
been found that if the level of injury is considered to be the lowest spinal 
cord segment with fully intact sensation and movement, misunderstand- 
ing is less likely to occur. The distinction between spinal cord damage 
and nerve root damage can be made by comparing the neurologic level 
with the level of bone injury. This comparison is especially important at 
the junction of the thoracic and lumbar spine where injuries of the conus 
medullaris and roots of the cauda equina may produce variable neuro- 
logic deficits. 

Generally, it is agreed that the patient with incomplete sensorimotor 
paralysis has a better outlook for at least some recovery of neurologic 
deficit compared to the patient with complete sensorimotor paralysis.’ 
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The finding of preserved position or vibratory sense, touch, or pain is 
obviously important. Sacral sensation, sphincter reflexes, and voluntary 
anal sphincter control should be tested in all patients. Considered alone, 
the presence or absence of reflexes does not have the same potential 
prognostic significance. The deep tendon reflexes below the level of a 
severe injury are usually absent and do not reappear until days later. The 
anal and bulbocavernous reflexes, in contrast, may reappear as early as 
six hours following a complete injury rostral to the sacral cord segments.” 
Many patients will have complete motor and sensory paralysis which 
persists. A few patients with an injury of the spinal cord will have a 
so-called concussion with brief motor and sensory paralysis from which 
they will recover rapidly.* This usually will be evident from the patient’s 
history and sequential examinations. The presence of accompanying 
spinal injury in this group of patients must be determined quickly so as 
not to jeopardize their recovery by injudicious movement. Still other 
patients will have some evidence of either sensory, motor, or reflex 
activity distal to the level of injury of the spinal cord. Any cause that 
might be continuing to compromise neurologic function must be sought. 


Radiologic Evaluation 


The radiologic evaluation is multipurpose. It confirms the presence 
or absence of a spinal injury, demonstrates the extent of the injury when 
present, indicates whether there may be any continuing compression of 
the spinal cord or nerve roots, and suggests how the spinal cord may have 
been injured. 

A portable lateral x-ray film taken while the patient is in the 
emergency area will confirm the presence or absence of a fracture or 
fracture-dislocation of the cervical spine. It will also indicate the need for 
immobilization with skeletal traction. Often portable x-ray films of the 
thoracic and thoracolumbar spine are suboptimal. It is best to obtain 
these x-rays in the radiology department while the patient remains in 
supine position on a radiolucent frame. 

Conventional radiography for the evaluation of spinal injuries has 
disadvantages.' Often it does not demonstrate the full extent and nature 
of the injury. Furthermore, the special views that may further delineate 
the injury may endanger the.patient by requiring that he be placed in 
different positions. For these reasons, laminography of the spine is 
carried out in patients in whom the plain films demonstrate a definite 
fracture, in those in whom there is a persistent dislocation, and in those 
with persistent localized neck or back pain even though the plain films 
may appear to be normal. The examination may be performed with the 
patient in skeletal traction, and is usually completed within 30 minutes. 

Myelography will show extrinsic compression of the spinal cord. 
When this is not present, the appearance of the subarachnoid space and of 
the cord shadow will suggest other ways in which the spinal cord may 
have been injured. A tapered narrowing of the subarachnoid space and a 
widened cord shadow rostral to the site of maximal bone injury on lateral 
films indicate swelling of the spinal cord (Fig. 1). A smooth, unobstructed 
subarachnoid space and normal cord shadow are consistent with either 
acute, intrinsic damage or vascular insufficiency of the spinal cord. 
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Figure 1. A, Portable lateral film of the cervical spine demonstrates a fracture-dislocation 
of C5 in an 18 year old female with incomplete sensorimotor paralysis. B, Midline lateral 
laminogram shows partial closed reduction of the dislocation following one hour of increasing 
skeletal traction in the same patient. C, Metrizamide myelogram with midline lateral 
laminogram and spinal needle in place at C1-2 shows tapered narrowing of ventral and dorsal 
subarachnoid space indicating spinal cord swelling in the same patient. D, Lateral x-ray film of 
the cervical spine in the same patient following elective posterior fusion for internal stabiliza- 
tion. Patient is now walking independently. 
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Myelography is carried out with the patient in the supine position. A 
lateral C1-C2 puncture is performed, and the water soluble contrast agent 
metrizamide is instilled in the cervical subarachnoid space. This agent 
has largely replaced air and Pantopaque. The similarity of its specific 
gravity to that of cerebrospinal fluid enables the ventral and dorsal 
subarachnoid space to be visualized simultaneously. Performed in this 
way without having to turn the patient to the prone position, myelog- 
raphy normally takes 10 minutes. 

The full potential of computerized axial tomography (CAT) in 
evaluating the patient with a spinal cord injury has not yet been realized. 
When the problems of moving a patient who requires skeletal traction 
into the gantry of the scanner and of rapidly performing sagittal recon- 
structions are overcome, it is anticipated the CAT scanner will play an 
increasing larger role in spinal cord trauma. 


Treatment 


The objectives of treatment are to assure that no additional injury 
occurs to the spinal cord and to relieve continuing compression of the 
spinal cord. Achievement of the former objective will enable the patient 
with complete sensorimotor paralysis to participate fully in a rehabilita- 
tion program. Accomplishing both goals in the patient with incomplete 
sensorimotor paralysis is likely to result in maximal recovery. 

The conscious patient with persistent neck or back pain, or inability 
to move the extremities and a loss of feeling, and the unconscious patient 
with a head injury are regarded as having a spinal cord injury and an 
accompanying spinal fracture until these are ruled out by examination 
and by radiologic evaluation. The number of times such patients are 
transferred while being evaluated is limited. This is done by placing the 
patient on a body length radiolucent frame when he first arrives in the 
emergency room. If a cervical injury is suspected, the patient is further 
immobilized with either a soft cervical collar or sandbags placed 
alongside the head. The patient who may have a thoracic or a 
thoracolumbar injury is kept in the supine position so as to prevent any 
forward bending at either of these two levels. 

If a fracture or fracture-dislocation of the cervical spine is demon- 
strated on portable x-ray films, skeletal traction is instituted. Initially 
light traction between five and seven pounds is applied to maintain 
immobilization. 

When there is a fracture but no dislocation, laminography is per- 
formed in the patient with either complete or incomplete sensorimotor 
paralysis to enable the stability of the fracture to be assessed. In the 
patient with an incomplete lesion and a fracture but no dislocation whose 
neurologic condition has not improved, myelograpy is combined with 
laminography. 

If there is a dislocation of the cervical spine, closed reduction is 
attempted under radiologic control by increasing the skeletal traction in 
increments of 10 pounds every 15 minutes (see Fig. 1). If additional 
neurologic deficits occur, or if an increase in the height of one or more 
cervical intervertebral spaces of more than 5 mm is noted on serial x-ray 
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films, the attempt at reduction is stopped. The latter sign indicates 
hazardous distraction with the possibility of additional cord damage.! The 
previous immobilization is then resumed. 

If a reduction is achieved within one hour but there is no improve- 
ment in the patient with an incomplete lesion, myelography is then 
performed. In the patient with complete sensorimotor paralysis, laminog- 
raphy alone is done. 

When closed reduction has not been achieved and the sagittal diame- 
ter of the spinal canal remains compromised by one-third or more, 
laminograms alone are obtained. Experience indicates that a compromise 
of the diameter of the canal to this degree will invariably produce a block 
on myelography. If a partial reduction has occurred and the diameter of 
the canal has been restored to at least two-thirds its normal dimensions, 
myelography is performed. Attempting closed reduction of a thoracic ora 
thoracolumbar fracture-dislocation in a patient with incomplete paralysis 
by altering the posture is unduly hazardous because of the comparative 
narrowness of the thoracic canal and owing to the usual marked instabil- 
ity of thoracolumbar fracture-dislocations. Thus laminography is done 
after the presence of a fracture-dislocation is confirmed by plain x-ray 
films. The amount of dislocation in these cases is usually sufficient to 
explain the patient’s neurologic deficit. 

Whether a penetrating wound of the spine produced by a knife or 
bullet requires more than local debridement of the entrance and exit 
areas is determined by the amount of contamination.* If the contamina- 
tion is not extensive, the patient is treated in the same manner as the 
patient with a closed spinal cord injury. 

Patients with spinal cord injuries considered for immediate surgery 
are those with incomplete sensorimotor paralysis in whom: (1) a closed 
reduction of a dislocation has been attempted but has been unsuccessful; 
(2) a fracture-dislocation has been reduced but in whom myelography 
demonstrates extrinsic compression of the spinal cord; (3) encroachment 
by bone on either the thoracic or thoracolumbar canal is shown in 
laminography; and (4) a reduction has been achieved and in whom 
myelography has shown no compression but difficulty has been encoun- 
tered maintaining the reduction. 

When surgery is carried out, the approach is determined by what 
portion of the spinal cord and the spine are maximally damaged. In the 
cervical region this may dictate either an anterior or posterior approach. 
In the thoracic and the thoracolumbar regions, in which ‘burst’ frac- 
tures involving the vertebral bodies produce compromise of the ventral 
spinal canal, the posterolateral approach is used satisfactorily. If a 
stabilization procedure is indicated, it is performed at the same time. 

Surgery is not undertaken in patients with incomplete lesions who 
are improving. Skeletal traction is maintained and surgery contemplated 
in this group of patients when the neurologic condition has stabilized, or 
is fluctuating and laminography demonstrates a significant compromise 
of the canal diameter, or myelography shows spinal cord compression. 

Immediate surgery is presently not considered for the patient with 
complete sensorimotor paralysis. When surgery was performed in a 
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limited number of patients, no additional neurologic recovery occurred 
other than what ordinarily might be expected in the distribution of a 
nerve root.’ If a stabilization procedure is necessary, it is planned 
electively. 

The potential effectiveness of the method of management described 
above was assessed by reviewing the status of 49 patients with cervical 
spinal cord injuries. These patients were treated consecutively between 
1974 and 1978. Excluding four patients who died, two with gunshot 
wounds, and eight who were treated primarily elsewhere, 36 patients 
were treated within 24 hours and examined one year after injury. On 
admission no relationship existed between the patient’s neurologic status 
and the amount of bone displacement. At one year eight patients re- 
mained without sensation or movement below their injury. In 28, neuro- 
logic improvement corresponded to the degree of spinal reduction. Pa- 
tients whose canals were restored to anatomical dimensions showed 
greater improvement than those with persistently compromised canals; 
those patients in whom surgery was required to do this did at least as well 
as those reduced with skeletal traction. Patients treated within eight 
hours tended to be better at one year than those treated between eight and 
48 hours. 
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The development of sophisticated electronic circuits that can be 
embedded in the body and used to stimulate excitable tissue over long 
periods has dramatically changed the treatment of several clinical disor- 
ders amenable to electrotherapy. These disorders include cardiac ar- 
rhythmias, certain cases of muscular paralysis, intractable pain, and 
other afflictions involving the central nervous system. 

This article relates to the treatment of chronic ventilatory insuf- 
ficiency secondary to paralysis of the muscles of respiration using electri- 
cal stimulation of the phrenic nerves applied by means of a diaphragm 
pacemaker. Interruption of the motor neurons of the phrenic nerves 
associated with quadriplegia is usually the result of trauma to the spinal 
cord above the C6 level though it may be also from tumor invasion, 
radiation injury, hemorrhage, infarction, or syringomyelia. Interruption 
of neural transmission in the cord may be partial or complete. A paralyzed 
diaphragm can be electronically motivated if the lower motor neurons in 
the phrenic nerves are intact and their cell bodies in the C3, C4, and C5 
segments of the spinal cord are viable. 

The usual course of events with respiratory paralysis following 
transection of the spinal cord is as follows. At the time of the accident the 
individual is usually rendered apneic by the injury and survives only if 
ventilation is restored at once by mouth-to-mouth resuscitation. Upon 
arrival at a medical care facility, a tracheostomy is performed and 
mechanical respiration instituted and continued by positive pressure 
ventilation. Occasionally there is a delay of several hours in the onset of 
respiratory paralysis, which occurs when the phrenic nerve neurons or 
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cell bodies have been spared direct injury; paralysis results from sub- 
sequent injury to the cord caused by manipulation or by invasion of 
edema or hemorrhage spreading from the nearby injured tissue. 


SELECTION OF PATIENTS 


Assessment of Phrenic Nerve Viability 

Diaphragm pacing is indicated in quadriplegia if respiratory 
paralysis, partial or complete, requiring artificial ventilatory support has 
been present and stable for at least one month; the phrenic nerves are 
viable and the diaphragm responds well to electrical stimulation; and 
cerebral function is normal or near normal. 

When the patient has recovered from the acute effects of the spinal 
cord injury and other injuries have been definitively treated, the status of 
the phrenic nerves is investigated. When there are still intact upper and 
lower phrenic nerve motor neurons the diaphragm can be controlled 
voluntarily. The extent of voluntary diaphragm control still existing can 
be demonstrated fluoroscopically. With the patient supine and the 
fluoroscope screen exactly 12 inches from the top of the x-ray table, the 
excursion of each hemidiaphragm is measured from the end of expiration 
(functional residual capacity) to the end of maximum voluntary inspira- 
tion, with accuracy made possible by the use of leaded numerals from 1 to 
12 taped prior to the study at 1 cm intervals onto the surface of the 
fluoroscope screen. A normal diaphragm in the supine position will 
descend 5 to 8 cm during maximum voluntary inspiration (Fig. 1). 
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Figure 1. The maximal attainable motion of the hemidiaphragm with voluntary effort 
and with pacing with the patient in the supine position. The motion with pacing was always 
greater than with voluntary effort. The values are essentially unchanged over a period of six to 
10 years. 
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The status of the phrenic nerve is further tested by applying an 
electrical stimulus to the nerve from the outside in the neck region. 
Transcutaneous phrenic nerve stimulation (TPNS), a reliable, simple 
technique described in detail elsewhere," in brief consists of the applica- 
tion of cathodal impulses to the phrenic nerve by means of an electrode 
probe moistened with saline placed on the skin of the neck overlying the 
nerve. The anode electrode, covered with a sponge soaked in saline, is 
placed in contact with the skin on the back of the neck. The electrical 
impulses are of 1 millisecond (msec) duration, delivered at 1 second 
intervals at a current level of 1 to 10 mA. The lateral border of the 
sternocleidomastoid muscle is identified and the electrode probe pressed 
against the muscle to displace it medially. The brachial plexus, which lies 
deep and somewhat lateral to that muscle, will when stimulated electri- 
cally cause a jerky movement of the arm. To stimulate the phrenic nerve 
the probe is then moved medially behind the sternocleidomastoid muscle 
and on to the anterior surface of the scalenus anticus muscle where the 
phrenic nerve is located. The location of the phrenic nerve is somewhat 
variable from 2 to 10 cm above the clavicle. To perfect the technique one 
should perform it first in thin individuals with normal diaphragms (Fig. 
Dae 

Evidence of viability of the lower motor neurons on application of 
TPNS is a vigorous hiccup-like contraction of the hemidiaphragm visible 
at the costal insertion of the muscle. No response of the diaphragm 
indicates nonviability of lower motor neurons. In our experience false 
negative results have been observed rarely and then only in individuals 
with markedly hypertrophied neck muscles or in uncooperative chil- 


Figure 2. Technique of transcutaneous phrenic nerve stimulation. The nerve is found 
beneath the medial border of the sternocleidomastoid muscle and is stimulated with the 
cathode electrode attached to the index finger. The anode electrode is enclosed in a sponge 
soaked in saline and placed behind the neck. (From Shaw, R.K., Glenn, W.W.L., Hogan, J.F., 
et al.: Electrophysiologic evaluation of phrenic nerve function in candidates for diaphragm 
pacing. J. Neurosurg., in press, with permission. ) 
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dren.'' A slight contraction of the hemidiaphragm suggests that some of 
the motor neurons are still viable. If there is any doubt about viability, the 
nerve should be exposed surgically and stimulated directly. At that time 
the operator should be prepared to implant a diaphragm pacemaker. 

When some viability has been documented, phrenic nerve conduc- 
tion time (CT) is measured from the point of stimulation of the nerve in 
the neck to the eighth interspace. The CT of a normal adult is 7.5 to 10 
msec, being somewhat faster in children, whose phrenic nerves are 
shorter.'' A CT measurement made before application of the pacemaker 
electrode cuff provides a baseline for comparison with subsequent series. 
Abnormal prolongation of the CT is almost never seen prior to chronic 
stimulation of the nerve. However, with pressure on or infection around 
the nerve following application of the electrode cuff, the CT is markedly 
prolonged or conduction is impeded altogether. Prompt removal of the 
electrode cuff may be followed by complete recovery of nerve function 
(Figs. 3 and 4). Hypoxia and severe disorders of metabolism may result in 
prolongation of the CT, but this is usually reversible with correction of 
the underlying cause. 


W.S. Wo 28 yr 


Noneconductive Progressive Neurologic 


oO Disorder 

@ f 

< ! Sie elmer noRreniciN 

a / MAP eft Phrenic Nerve 

= 13.0 | ae 

2 12.0 / 14 a 

SP alec ore 

| 

GUO 4 ! \2 2 

3 ; = 

z y z 

o 10.0 C) C) LO wW 

1\ 
Oo \ 5 
! 

wgofe \ ‘ee 
z 

i \ fe) 

Zo Osis \ 6 Gs 

o \ . = 

TO) \ 4 ow 

ul zi 

: \ g 

=) 60 \ 8 
= 


Eee dean oe fe) 
5 Key Gy ey ey 2 4 6 8 10 
t t DAYS MONTHS 


Pre-op | Revision POST-OPER 
Implant OSs ATIVE 


Figure 3. Effect of local pressure on the phrenic nerve on the conduction time (CT) of the 
nerve and the muscle action potential (MAP) of the hemidiaphragm. When an attempt was 
made to stimulate the left phrenic nerve on the fifth postoperative day, no activity of the left 
hemidiaphragm was evident. The wound was reexplored and pressure on the nerve by the 
neural cuff was relieved. Full recovery of CT and MAP occurred over the next nine months. 
(From Shaw, R.K., Glenn, W.W.L., Hogan, J.F., et al.: Electrophysiologic evaluation of 
phrenic nerve function in candidates for diaphragm pacing. J. Neurosurg., in press, with 
permission. ) 
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Figure 4. Effect of local infection around the phrenic nerve on the CT of the nerve and 
the MAP of the hemidiaphragm. The effect of infection was to cause a marked prolongation of 
the CT and a decrease in the MAP. The CT and MAP did not return to normal for three years. 
(From Shaw, R.K., Glenn, W.W.L., Hogan, J.F., et al.: Electrophysiologic evaluation of 
phrenic nerve function in candidates for diaphragm pacing. J. Neurosurg., in press, with 
permission.) 


OPERATIVE PROCEDURE 


Site for Electrode Placement on the Phrenic Nerve: Cervical or 
Thoracic 


Not infrequently one hemidiaphragm contracts more vigorously in 
response to TPNS than does the other, or a hemidiaphragm contracts 
unevenly. The extent of injury to the spinal cord may be a factor or an 
accessory phrenic nerve may be present but not stimulated. Anomalies of 
the composition and distribution of branches of the phrenic nerve in the 
neck are exceedingly common. Such anomalies were studied by a 
number of surgeons 45 to 50 years ago when a major surgical procedure 
for treating tuberculosis was destruction of the phrenic nerves to produce 
unilateral or bilateral paralysis of the diaphragm.* In many patients, 
failure of the simple phrenicotomy to produce complete paralysis resulted 
in a less than optimal therapeutic effect on the tuberculous lung. The 
cause of continued diaphragm activity was found to be innervation by 
so-called accessory branches of the phrenic nerve arising from the fifth 
cervical segment, or sometimes from the third cervical through the first 
thoracic, joining the main phrenic trunk in the upper thorax. Kelley‘ 
reported 309 cases of phrenicotomy in which there was conclusive proof 
of the existence of at least one accessory phrenic nerve in about 75 per 
cent of cases. In our experience with exploration of the nerve in the neck, 
a small number of patients were found to have an accessory phrenic 
nerve, usually lying lateral to the border of the scalenus anticus muscle. 
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Other accessory nerves may have been found had we carried the dissec- 
tion below the clavicle. 

In most individuals the phrenic nerve is a single structure only in the 
thorax. The functional contribution of accessory branches, though quite 
evident to surgeons attempting to paralyze an entire diaphragm, is 
difficult to estimate during phrenic nerve stimulation in the neck. In 
several instances we observed a greater descent of the diaphragm on 
voluntary effort than on application of stimuli to the phrenic nerve, 
suggesting that the diaphragm was almost certainly innervated by acces- 
sory and thus unstimulated nerves. In other instances, a part of the 
diaphragm did not contract on stimulation yet moved freely on voluntary 
effort. In certain quadriplegic patients with injuries to the cord above the 
C3 level, tidal volume during stimulation of one phrenic nerve was less 
than expected. Again this may have been the failure of the procedure to 
incorporate functional accessory branches in the stimulation process. 

It would seem that since it is not possible to ensure the stimulation of 
all branches of the phrenic nerve by applying the stimuli to the nerve 
segment isolated in the neck, one should select the segment coursing 
through the thorax as a single trunk. Yet our experience has shown that 
stimulation of only one nerve in the neck is adequately effective for eight 
to 10 hours in most patients. Nevertheless, other patients, such as adults 
with less than normal function of phrenic nerves, diaphragm or lungs, 
and nearly all children, need maximal diaphragm motivation and thus 
stimulation of the nerve in the thorax to include all possible branches. 
Therefore in all patients dependent on optimal diaphragm function, the 
electrode should be implanted on the nerve in the thorax despite the 
greater complexity of the operation involved. Several comments concern- 
ing the thoracic approach versus the approach through the neck are 
necessary: thoracotomy carries a somewhat higher operative risk and in 
certain patients placement of the electrode in the thorax, especially if it 
has to be done on both sides, is too hazardous to justify; should the wound 
become infected, removal of a unit and its later replacement would be 
considerably more difficult in the thorax; pleural adhesions may develop 
secondary to the thoracotomy, restricting the motion of the lung and 
compromising pulmonary function during pacing; and an unprotected 
electrode could come to lie against the heart, which during the applica- 
tion of current to the phrenic nerve would cause serious arrhythmias. To 
prevent this occurrence the electrode must be placed on the nerve well 
above the heart. A satisfactory placement is on the nerve where it passes 
over the superior vena cava on the right side and over the aortic arch on 
the left (see Fig. 9). 

Monopo rar or BipotarR ELEcTRoDE. The monopolar nerve electrode is 
easier to apply than the bipolar type; involving less dissection it causes 
less trauma, and by not completely encircling the nerve it is less likely to 
compress it (Fig. 5). We use the monopolar electrode in nearly every case 
of phrenic nerve stimulation. Its only absolute contraindication is prior 
implantation of another electronic device, such as a cardiac pacemaker, 
with whose electrical program the electrical discharge from a diaphragm 
pacemaker might interfere (Fig. 6). In such a case the bipolar nerve 
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Figure 5. Monopolar and bipolar 
electrode cuff. The monopolar cuff is 
simply one half of the bipolar with the 
facing silicone rubber covering re- 
moved. A monopolar cuff with wings 
and an extension of the silicone rub- 
ber toe to facilitate its passage behind 
the nerve are also available. (Available 
from Avery Laboratories, Inc., Far- 
mingdale, New York 11735.) 


electrode has to be used. Similarly, where a monopolar diaphragm 
pacemaker is in place and a need arises for a cardiac pacemaker, the 
latter’s electrode must be a bipolar one. Our experience with the mono- 
polar nerve electrode over a period of more than three years has shown 
there is a slightly higher threshold to stimulation of the nerve in the first 
six months after implantation though the difference thereafter is insig- 
nificant (Fig. 7). 

PACEMAKER IMPLANTATION: CERVICAL AppROACH. This approach has been 
described in detail elsewhere.*~° In brief, it consists of making a 5 cm 
incision through the skin 2 cm above and parallel to the midportion of the 
clavicle. The platysma is divided and the lateral border of the ster- 
nocleidomastoid muscle is identified and retracted medially. The internal 
jugular vein is exposed and the fatty tissue overlying the scalenus anticus 
muscle is retracted laterally as the jugular vein is displaced medially. To 
locate the phrenic nerve a two pronged electrode probe providing an 
intermittent electrical charge of 5 to 10 volts (or mA) is applied to the 
tissue overlying the scalene muscle. If no contraction of the hemidia- 
phragm is observed, more fatty tissue is removed from in front of the 
muscle and the stimulus reapplied. When the area immediately sur- 
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Figure 6. A 71 year old man presented in 1973 with cervical cord compression secondary 
to atlanto-occipital deformity complicated by incomplete quadriplegia and partial respiratory 
paralysis. Congestive heart failure complicated by “sick sinus” syndrome was also present. On 
6/29/73 a unipolar cardiac pacemaker was implanted transvenously into the right ventricle. On 
7/11/73 a diaphragm pacemaker was implanted on the left side with a bipolar electrode applied 
to the phrenic nerve in the neck. Diaphragm pacing was commenced for respiratory support 
during sleep. His respiratory paralysis progressed and three years later, on 10/27/76, it was 
necessary to implant a diaphragm pacemaker on the right side to provide ventilatory support 
during the day. Again a bipolar electrode was applied to the right phrenic nerve. At no time 
during diaphragm pacing has there been any electrical interference with the cardiac pace- 
maker. 


rounding the nerve is located electrically further dissection is carried out 
meticulously. The nerve crosses the scalene muscle obliquely from 
lateral to medial and always lies beneath the scalene fascia. To fix the 
electrode cuff to the tissues an over-and-over suture using a monofila- 
ment suture material is first placed in the tissues medial to the nerve 
behind the jugular vein at the site where the tip or toe of the electrode 
cuff will come to lie (Fig. 8). A second similar suture can be placed at the 
lateral border of the scalene muscle at this time or after the electrode cuff 
has been inserted behind the nerve. Parallel incisions about 1.5 cm long 
are now made through the prescalene fascia on both sides of the phrenic 
nerve where it passes over the mid-portion of the scalene muscle, while 
carefully preserving the perineural blood supply. A right-angled clamp is 
gently inserted behind the phrenic nerve through these incisions and 
gently spread to make a tunnel behind the nerve. The tip or toe of the 
electrode cuff is grasped by the right-angled clamp, passed behind the 
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Figure 7. The influence of electrode configuration on the threshold of diaphragm 
excitation by electrical stimulation in 54 patients. The threshold was significantly higher 
using the monopolar electrode in the early postoperative period but not thereafter up to 24 


months postoperative. 


Figure 8. Cervical approach to the phrenic nerve showing technique of placement and 
fixation of a monopolar electrode behind the phrenic nerve. (From Glenn, W.W.L.: Diaphragm 
pacing. Present status. PACE, 1:357, 1978, with permission.) See text for details. 
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nerve medially and picked up with forceps. The Silastic cuff with 
platinum electrode is pulled under the nerve until the electrode’s exposed 
surface lies directly against the nerve. The excess Silastic rubber at the 
toe of the electrode is trimmed away and the heel and toe of the electrode 
are fixed firmly to the adjacent tissues without the slightest twisting or 
kinking of the nerve where it passes over the electrode. Occasionally it is 
necessary to extend the incision in the prescalene fascia to relieve 
distortion of the nerve. 

A second 5 cm transverse skin incision is made at the costal margin 
in the anterior axillary line and the subcutaneous tissue separated from 
the underlying fascia. A subcutaneous pocket is made cephalad, about 8 
to 10 cm deep, or so deep that the implanted electronic components will 
lie well above the skin incision. It is sufficiently widened at its apex to 
contain the indifferent (anode) electrode plate, the radio receiver, and the 
electrode junction, side-by-side. In the electrode junction the wire from 
the neck is connected to the cathode electrode terminal from the radio 
receiver. Commonly the junction is enclosed in a thin Teflon plastic bag 
to facilitate identification should replacement be necessary. Passage of 
the electrode wire from the neck to the subcutaneous pocket is facilitated 
by prior passage of a vein stripper rod, acorn tip foremost, from the 
subcutaneous pocket into the neck wound. The acorn tip is removed and 
a No. 28 plastic chest tube is threaded retrograde over the rod from the 
neck wound into the subcutaneous pocket below. The rod is removed, 
leaving the tube in place and the electrode wire attached to the electrode 
connector tip is inserted into the open end of the plastic tube in the neck. 
It is fixed in place with a single suture partitioning the plastic tube. The 
tube with contained wire and connector tip are then pulled into the 
pocket below where the latter are exposed, released, and attached to the 
cathodal terminal on the radio receiver. A small redundant loop of wire is 
left in the neck overlying the scalene fat pad. 

The three components—anode plate, radio receiver, and electrode 
junction—are then placed side-by-side in the subcutaneous tunnel, care 
being taken to position the anode electrode plate and the copper coil of the 
receiver facing outward toward the undersurface of the skin. To im- 
mobilize the implant and obliterate dead space the tunnel is closed snugly 
around the components with subcutaneous sutures of 3-0 plain catgut in 
several rows. The incisions in the skin of the neck and chest wall are 
closed with interrupted sutures. 

TuHoracic ApproacH. The phrenic nerve lying above the heart is ap- 
proached by entering the chest through the third interspace using an 
axillary incision or anteriorly through the second interspace (Fig. 9). We 
prefer the latter as it gives a more direct exposure of the phrenic nerve, 
although the axillary incision being less obvious may be preferable in the 
female. A 15 cm skin incision is made at the second interspace, from the 
lateral border of the sternum to just beyond the anterior axillary line. The 
pectoralis major and minor muscles are split in the direction of their 
fibers and the chest is entered through the second interspace. The 
internal mammary artery and vein are divided for better exposure and the 
ribs are spread apart. The incision is extended through the pleura 
laterally for better exposure when needed. The patient is rotated to the 
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Figure 9. A and B, Transthoracic approach to the phrenic nerve. The mediastinum is 
exposed through either an incision in the second interspace anteriorly or through the third 
interspace in the axilla. See text for details. 
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contralateral side, the lung is retracted laterally, and the phrenic nerve is 
identified as it passes superficially under the pleura. A site for placement 
of the electrode is selected 5 to 10 cm above the heart which will allow the 
electrode to lie flat against the mediastinum. Parallel incisions 1.5 cm 
long are made through the pleura on each side of the nerve, with 
preservation of the perineural blood vessels. A right-angled clamp is 
passed behind the nerve and its jaws spread to create a tunnel to 
accommodate the electrode cuff, the toe of which is now passed from 
anterior to posterior behind the nerve and vascular bundle in a manner 
similar to that described above for the cervical approach. The heel of the 
electrode is fixed firmly in position to the tissues on the ventral side of the 
nerve using the previously placed monofilament suture. Care must be 
taken not to puncture the vena cava or aorta. The toe is likewise fixed to 
the tissues on the dorsal side of the nerve. 

A second skin incision about 5 cm in length is made transversely in 
the pectoral fold below the breast in the anterior axillary line. A sub- 
cutaneous pocket about 10 cm deep and 5 cm wide is created caudad to 
accommodate the radio receiver. A second pocket is made cephalad and 
medial to the skin incision under the breast to accommodate the anode 
electrode and cathode electrode junction. The electrode wire and connec- 
tor attached to the phrenic nerve is passed from within the thorax 
through the third or fourth interspace anteriorly into the subcutaneous 
pocket and out through the subpectoral incision. A segment of redundant 
wire is looped and laid on the anterior surface of the lung to prevent 
tension on the neural electrode. As in the cervical approach, passage of 
the electrode is facilitated by first inserting a No. 28 plastic tube from the 
thoracic cavity into the subcutaneous pocket, using this tube as the 
carrier for the electrode and connector. 

The anode electrode from the receiver is now connected to the anode 
plate, and the cathode electrode to the wire attached to the electrode cuff. 
The radio receiver is inserted through the incision into the subcutaneous 
pocket caudad to the incision and then cathode and anode electrode 
junctions are enclosed in a Teflon plastic bag which is fixed in place ina 
subcutaneous pocket alongside the anode electrode plate cephalad to the 
incision beneath the breast. The electrode wires from the receiver and 
the electrode junction are deviated medially to prevent their crossing the 
incision where they might later become exposed. All incisions are closed 
snugly to obliterate dead space and to immobilize the receiver capsule. 
After a test of the implanted components by placement of a sterilized 
antenna over the receiver to pace the diaphragm temporarily, the 
thoracotomy wound is closed. A chest tube is left in place for drainage to 
up to 48 hours postoperatively. The integrity of the system is tested again 
by stimulation of the nerve several days postoperatively. 


TECHNIQUE OF DIAPHRAGM PACING 


Electrical Parameters 


The electrical parameters for phrenic nerve stimulation that we now 
employ evolved over many years of extensive laboratory and clinical trial. 
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In 1973 the standard electrical parameters were a frequency of 25 Hz (40 
msec pulse interval), an inspiration duration of 1.35 seconds and a pulse 
train repetition rate (respiratory rate) of 15 to 17 per minute.’ 

The stimulus was pulse width modulated with the current amplitude 
increasing from the initial contraction (threshold stimulation) to the 
maximal contraction of the diaphragm to obtain a smooth inspiratory 
diaphragm motion. There is no evidence that diaphragm pacing using 
these parameters over a number of years is harmful in humans, at least 
when stimulation is restricted to 12 hours daily. However, experiments 
in dogs with these parameters have shown that if pacing is applied for 
several months without rest, diaphragm muscle function is reduced to 
less than 20 per cent of normal and is accompanied by severe organic 
changes in the muscle that are irreversible.” 

In recent years in the experimental laboratory we explored methods 
to reduce the electrical charge to the nerve and diaphragm. We showed 
that fatigue of the diaphragm, as measured by the tidal volume (TV) 
during stimulation of the phrenic nerves, was signficantly less when the 
current applied to the nerve was just under that required for maximal TV, 
the respiratory rate was 10 per minute instead of 20, and at a low 
frequency of about 10 Hz as compared with a higher frequency, about 33 
Hz (pulse interval of about 30 msec). The type of waveform and whether 
the electrode was monopolar or bipolar made no significant difference to 
the onset or duration of fatigue. Some but significantly less fatigue was 
observed when a bidirectional (Lilly type) waveform was used with a 
monopolar electrode than when a unidirectional waveform and bipolar 
electrode were used together.'? Thus the ideal parameters for electrical 
stimulation of peripheral nerves with the lowest electrical charge to the 
tissue were found to be submaximal current and a slow pulse train 
repetition rate delivered at low frequency using a bidirectional waveform 
applied to the nerve through a monopolar electrode. 

Prior to transferring these results from the laboratory to the clinic we 
measured the effect of varying the current amplitude, rate of pacing 
(respiratory rate), and stimulus frequency on tidal or minute volume in 
quadriplegic patients. 


Current amplitude. There was a steep rise in TV as the current amplitude to 
the nerve was increased. About 60 per cent of the current required to effect 
maximal contraction of the diaphragm was subthreshold. The difference in 
current required to change the ventilation from minimal (threshold) to maximal 
was usually only 1 to 2 mA with most of the change occurring within a few 
microamps. With careful adjustment submaximal stimulation could be main- 
tained without a significant drop in TV (Fig. 10). 

Respiratory rate. Observations were made at respiratory rates of 6 to 30/min 
at standard settings for unilateral pacing. (The pulse frequency was 25 Hz and the 
current amplitude was set to produce maximal TV. Inspiration duration was 
regulated at 1.3 sec at rates below 15/min and at one-third the total respiratory 
cycle above 15/min.) As the rate of pacing increased, minute volume (MV) 
increased and TV decreased. In children and young adults MV continued to rise as 
the rate was increased to 25 to 30/min. In an elderly quadriplegic patient the 
maximum TV was attained at a rate of about 20/min. Adequacy of ventilation was 
determined by the level of the arterial blood gases. The MV at which arterial blood 
gases were normal varied from patient to patient according to age and weight, but 
generally in most patients, infants and some children excluded, ventilation was 
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adequate when one hemidiaphragm was paced at a respiratory rate of 10 to 12/min 
(Fig. 11). 

Stimulus frequency (pulse interval). There was a progressive decrease in TV 
as the stimulus frequency was decreased from 33 to 10 Hz (pulse interval widened 
from 30 to 100 msec). In the unconditioned diaphragm, stimulation at the lower 
frequencies (15 to 10 Hz) could not provide adequate ventilation for many patients. 
However, after the diaphragm was conditioned by stimulation at progressively 
lower frequencies for a month or more there was a significant increase in 
ventilation at the lower frequencies (Fig. 12). 


PARAMETERS REvIsED. On the basis of the experimental data and clinical 
observations cited, a revision of the standard electrical parameters 
adopted in 1973 is appropriate at this time. Recommended for those 
patients whose ventilatory requirements can be satisfied, as evidenced by 
the maintenance of normal arterial blood gases, is a stimulation fre- 
quency of 20 to 16.5 Hz (pulse interval of 50 to 60 msec), an inspiration 
duration of 1.3 seconds, a respiratory (repetition) rate of 10 to 12 per 
minute, and acurrent amplitude of just maximal or slightly submaximal. 
When fatigue of the diaphragm intervenes, conditioning of the dia- 
phragm muscle is necessary. Adjustment of the stimulation frequency 
(pulse interval), respiratory rate, and current amplitude will be necessary 
to obtain optimum ventilation but the aim should always be to keep the 
electrical charge to the tissue low. Under no circumstances should the 
current amplitude be set at supramaximal, the stimulus frequency 
higher than 25 Hz (40 msec), or the respiratory rate faster than 16/min 
(though infants may require a faster rate). 


Pacing Schedule 


Quadriplegic patients with total respiratory paralysis require ven- 
tilatory support at all times. In adult patients with normal phrenic nerves, 
full-time ventilatory support can often be achieved by pacing the two 
hemidiaphragms alternately for 12 hours followed by 12 hours of rest 
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Figure 12. Influence of stimulus frequency (pulse frequency) on tidal volume in a 27 
year old man with central alveolar hypoventilation secondary to diffuse cerebral disease. As 
the frequency of stimulation is decreased (pulse width widened), tidal volume decreases. If 
the diaphragm is paced at a low frequency (11 Hz, 90 msec pulse interval) fora month or more, 
there is an increase in tidal volume at all frequencies, especially the lower. 


alternately (Table 1). This is the ideal schedule but a six or eight hour 
alternating schedule can also be used. Alternate breath pacing for 6 to 12 
hours has also been used effectively, usually followed by a like period of 
steady pacing using one or both sides. In children under 10 years of age or 
in patients with less than normal phrenic nerve function, activation of 
one hemidiaphragm may not be sufficiently effective and only simultane- 
ous bilateral stimulation will suffice.**! However, continuous pacing of 
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Table 1. Mode and Time of Pacing in 20 Patients 


HOURS OF VENTILATORY SUPPORT 
PACING EACH TOTAL HOURS 
PACING MODE MODE PACED Full-time Part-time None 
Unilateral alternating sides 8 to 12 24 ) 
Bilateral 
Continuous* 24 0 
Alternating with 
other pacing modes 6 to 8 24 2 
Alternating with 
other ventilatory 
supportt 9 to 16 9 to 16 11 
Pacing not effective 0) O 2t 


*Bilateral continuous pacing was attempted in five patients, but in none was it successful 
for more than a few weeks due to development of fatigue regardless of the electrical 
parameters employed; we do not recommend that it be attempted. 

+Pneumobelt, air sipping, mechanical ventilation, voluntary. 

{Two patients in series could not be paced effectively. 


one or both hemidiaphragms using the electrical parameters standard for 
intermittent pacing since 1973 (see above) has invariably resulted in 
diaphragm fatigue which, if prolonged, irreversibly damages the dia- 
phragm muscle.?-*!° Thus, for the present, individuals who must depend 
on simultaneous bilateral pacing for adequate ventilation must be paced 
in this mode for no longer than 60 per cent of the time. For the remaining 
4O per cent, other methods of supplementary ventilatory support, such as 
air sipping, frog breathing, chest cuirass, tank respirator, pneumobelt, or 
positive pressure endotracheal insufflation, are employed (Table 1). 


Technique of Pacing 


The technique of pacing the diaphragm in patients with ventilatory 
insufficiency without respiratory muscle paralysis, i.e., those with cen- 
tral alveolar hypoventilation (Ondine’s Curse, sleep apnea), does not 
involve any special conditioning of the diaphragm before a permanent 
schedule of pacing is instituted because the diaphragm has not become 
weak through disuse and because only part-time ventilatory support is 
needed during sleep. Thus pacing in such patients can be started using 
eight to 10 hours each night as soon as the wounds have healed, about 12 
to 14 days postoperatively. 

The quadriplegic patient with respiratory muscle paralysis presents a 
different problem. The patient usually does not present for pacing until 
several months after the injury that caused the paralysis. During this 
time the patient has been on full-time mechanical ventilatory support, 
and the diaphragm has become weak through disuse and is easily 
fatigued by electrical stimulation. In such patients the technique for 
achieving full-time pacing may be complex and prolonged. The proce- 
dure we use is as follows. About two weeks after implantation of the 
electrode and radio receiver, function of the diaphragm is again 
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examined under the fluoroscope. Each hemidiaphragm is examined 
separately. Pacing is begun by positioning the antenna and turning on the 
transmitter with the current controls set at zero. The current amplitude 
is increased gradually and the level at threshold, the first contraction of 
the hemidiaphragm that is observed under the fluoroscope, is noted. The 
current amplitude is then further increased until the maximum descent 
of each hemidiaphragm upon stimulation is observed. At the point of 
maximal descent, TV or MV is measured through a respirometer* at- 
tached to a cuffed endotracheal tube. Air volumes are also measured at 
slightly higher and slightly lower current levels to make sure that the 
minimal current that will effect the maximal TV has been obtained. As it 
is common for the threshold to rise slightly in the first few months of 
stimulation, additional studies on threshold are made at one to two week 
intervals. To lessen radiation exposure, adjustment of the transmitter 
can be made according to the threshold of diaphragm motion observed 
visually at the costal margin, which is usually close to that observed 
fluoroscopically. Likewise maximal TV or MV correlate well with maxi- 
mal descent of the diaphragm observed fluoroscopically. However, 
fluoroscopy should be employed occasionally to check diaphragm motion 
in response to electrical stimulation. 

In the quadriplegic patient, after pacing parameters have been 
selected and the initial threshold and maximal determinations of dia- 
phragm motion obtained, pacing is begun usually at two to three minutes 
an hour while the patient is awake. The MV is determined at the 
beginning and end of each pacing period and so long as it is providing 
adequate ventilation and does not decrease more than 25 per cent from 
the start to the finish of the pacing period, the duration of pacing can be 
advanced each day by several minutes hourly. Many patients maintained 
on a mechanical ventilator are hyperventilated as is shown by abnor- 
mally low PaCO, levels. When pacing is adjusted to achieve a more 
normal level of PaCO, the patient will complain of air hunger, though this 
is usually temporary. When pacing has reached 30 minutes without 
fatigue then the duration of pacing is increased five minutes per hour 
each day but always followed by an equal period of rest. When pacing has 
reached six hours without fatigue it is usually possible to advance at a 
rate of 30 minutes per day until one or both hemidiaphragms are being 
paced 12 hours daily. At this point the appropriate pacing schedule for 
the patient must be determined. If total ventilatory support is required 
and it is possible to pace each hemidiaphragm for 12 hours with no 
fatigue, the ideal method, then this schedule is adopted. Variations on the 
duration and modes of pacing are frequently necessary (see Table 1). 

It may take six weeks to eight months to accomplish full-time 
ventilatory support by whatever schedule or mode (Fig. 13). If ventilation 
cannot be maintained except by bilateral simultaneous pacing then an 
attempt must be made to convert the diaphragm muscle fibers to non- 
fatiguing fibers (Fig. 12).!'°?" This is done by gradually decreasing the 


*The Bourns Ventilation Monitor is recommended for these studies. Bourns, Inc., Life 
Systems Division, Riverside, California 92503. 
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Figure 13. Conditioning of the diaphragm. Quadriplegia with total paralysis in this 
patient resulted from a fall from a ladder 22 months before pacing was started. The pacing rate 
was 15 per minute and the pulse interval 40 msec (25 Hz). Each hemidiaphragm was paced for 
alternate periods for an increasing length of time each day. On discharge from the hospital 
bilateral continuous pacing at this pulse interval (frequency) and at a respiratory rate of 
11/minute was required for adequate ventilatory support. Within two months fatigue was 
evident. Unfortunately pacing at these parameters was continued and within one month 
pacing was no longer effective. Stimulation was discontinued but recovery of a normal 
response to stimulation did not occur. 


frequency of stimulation to 10 to 11 Hz (100 to 90 msec pulse interval), 
the respiratory rate to 8 per minute, and the current amplitude to 
submaximal. If ventilation is not adequate using the reduced electrical 
charge to the tissue, then full-time bilateral pacing will not be possible for 
this patient, at least not fora while. Increasing the electrical charge to the 
nerve to achieve a higher MV so that pacing can be continued is only 
temporarily effective and should never be done as it will lead to irrepara- 
ble damage to the nerve and diaphragm. 


Evaluation of the Pacemaker Apparatus 


Failure to pace or to pace properly may be the result of external 
component malfunction. Battery exhaustion is the most frequent cause 
of failure and is corrected by battery replacement or recharging. Antenna 
breakage most commonly occurs at the connector site and requires 
replacement of the entire antenna. Transmitter failure has been rare. Ifa 
spare transmitter is available it should be substituted. The pacing param- 
eters will have to be adjusted to match those of the original unit. If no 
spare is available, ventilatory support should be provided temporarily by 
other methods and the transmitter returned to the manufacturer.* 


*Avery Laboratories, Inc., Farmingdale, New York 11735. 
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Failure to pace may also be the result of internal component malfunc- 
tion. Electrode wire breakage is extremely rare. The usual cause of 
failure is component malfunction in the implanted radio receiver. This 
may occur suddenly with an immediate loss of pacing or it may occur 
intermittently. Pain during pacing at the site of the nerve-electrode 
junction occurs occasionally but is not a dependable sign. 

To test receiver performance it is suggested that a measurement be 
made of the stimulus artifact from the implanted receiver in the im- 
mediate postoperative period to be used as a control value should the 
receiver capsule be suspected of failure at a future date. Measurement is 
made by application of EKG paste-on electrodes approximately 3 cm 
above and below the site of the nerve cuff. The ground electrode is placed 
nearby. Measurement of the stimulus artifact is made by connecting an 
oscilloscope with a differential amplifier to the two sensing electrodes to 
observe the voltage waveform. With the oscilloscope in the triggered 
mode, the horizontal time base is set at 0.2 msec per cm, and the vertical 
gain adjusted appropriately. When the pacemaker is turned on a rectan- 
gular pulse will appear at the termination of the 2 mHz radiofrequency 
pulse. The amplitude of the pulse will be a function of the type of 
electrode (monopular or bipolar), amplitude setting of the transmitter, 
and the electrode position. Voltages may be as low as several millivolts 
(mv) for a bipolar electrode or as high as 50 mv for a monopolar electrode. 
There should be a rectangular pulse of approximately 150 microseconds 
duration immediately following the radiofrequency pulse from the 
transmitter. A photograph should be made of the oscilloscope tracing for 
future comparison with a similar study. 


RESULTS 


We have implanted diaphragm pacemakers in 20 patients with 
quadriplegia complicated by respiratory paralysis. The ages ranged from 
three to 71 years, for an average of 32 years. Long-term ventilatory 
support was achieved by pacing, either part-time or full-time, in all but 
two patients, and these were two in whom poor phrenic nerve function 
had been demonstrated by direct stimulation prior to application of the 
electrode cuff. Eighteen patients were paced for three months to 10 
years, for an average time of three years and four months. 

Trauma was the most common cause of quadriplegia in our series, 
occurring in 18 patients. In the two others the cause was radiation 
myelitis and a cervicobulbar syrinx (Table 2). 

Quadriplegia was complete in 16 patients, and incomplete in four. 
The sixteen all required total ventilatory support. Eight were paced on a 
full-time basis for up to 10 years but for the other eight a full-time 
schedule could not be worked out because of inadequate movement of 
part or all of the diaphragm: either the phrenic nerve had been injured in 
the accident or by the operative procedure or, as was suspected in several 
cases in which implantation was in the cervical region, an accessory 
branch from the phrenic nerve escaped inclusion in the electrode cuff. 
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Table 2. Diaphragm Pacing in Quadriplegia 
QUADRIPLEGIA RESPIRATORY SUPPORT BY DP 
ETIOLOGY NO. Incomplete Complete Part-time Full-time 
Trauma 
Sports accident 8 1 7 4 (1) 3 
Other accident 5 0 5 3 2 
Herniation of conus 
medullaris 3 0 3 10) 3 
Congenital atlanto- 
occipital deformity 2 2 0 0 (2) 10) 
Tumor 
Ewing’s sarcoma 2° 
cervical vertebral 
radiation injury 
to cord 1 0 1 1 0 
Syringomyelia-bulbia 1 1 (0) 0 (1) (0) 
TOTAL 20 4 16 8 (4)* 8 


*Four patients, all with incomplete paralysis, required only part-time artificial ventilatory 


support. 


Ten patients died 10 months to six years after implantation (Table 3). 


In seven death was unrelated to pacing: there was a sepsis in four 
(complicated by seizures in one), inanition in one, and in two, whose 
respirations could never be supported even temporarily by pacing, respi- 
ratory complications while on a mechanical ventilator. Three died from 
pacing-related causes. One died at home while being weaned from 


Mortality 


COMMENT 


Table 3. 
NO. OF 
PATIENTS CAUSE 
4 Infection 
Meningitis; peritonitis; 
gram-negative sepsis; 
pneumonitis 
2 Nerve function impaired by 
initial trauma 
1 Inanition 
2) Inappropriate pacing 


Three patients were on full-time pacing with 
adequate ventilatory support prior to devel- 
opment of sepsis. One patient in whom one 
hemidiaphragm was paced during sleep 
developed pneumonitis and seizures fol- 
lowing odontoid removal. 

Could not be paced. Both patients died of 
respiratory complications while on 
mechanical ventilator. 

On mechanical respirator 12 years before 
part-time (50 per cent) pacing was insti- 
tuted. Died during sleep on mechanical 
respirator. 

Prolonged simultaneous bilateral pacing pre- 
cipitated fatigue of diaphragm and ven- 
tilatory insufficiency; death due to respira- 
tory complications while on mechanical 
ventilator. 
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pacing. The other two were discharged on bilateral, simultaneous pacing. 
The development of diaphragm fatigue necessitated their being returned 
to mechanical support. Both later died of respiratory complications. 


DISCUSSION 


Electrical stimulation of the phrenic nerves to pace the diaphragm in 
patients with chronic ventilatory insufficiency who have normal or near 
normal phrenic nerves, lungs and diaphragms is now an established 
therapeutic modality. It has proved effective in cases of central alveolar 
hypoventilation and in cases of hypoventilation from respiratory muscle 
paralysis in which phrenic nerves are still viable. 

In this article we are proposing adoption of modified electrical 
parameters which, on the basis of our extensive laboratory and clinical 
experience, we believe will lessen the chance of injury to the phrenic 
nerve and the diaphragm muscle. Modification of the parameters was 
necessary after it was recognized that the extent of maximum diaphragm 
movement was a critical factor in the success of pacing patients who had 
less than normal function of their structures of respiration, particularly 
quadriplegic patients. Laboratory experiments relating to diaphragm 
pacing confirmed the recent conclusions of muscle physiologists,!'?:! 
that it was possible by regulating the stimulus frequency to change the 
metabolic and structural characteristics of muscle to make it more 
adaptable to prolonged stimulation (but see caveat 9, Table 4). 

The technique to implant the diaphragm pacemaker has also been 
revised. There are two major changes. One is the almost total adoption of 
a monopolar instead of a bipolar electrode for stimulating the nerve. The 
monopolar is simpler to apply and unlike the bipolar does not encircle the 
nerve, making both injury to the nerve at operation and later injury from 
a “carpal tunnel’ effect less likely. The long-term effects from the 
standpoint of threshold to stimulation, diaphragm motion, and spread of 
current to the adjacent tissues are essentially no different with the 
monopolar than with the bipolar. Further, the redundancy of a second 
electrode on the nerve is unnecessary. Only once in our experience has an 
electrode wire broken at its junction with the platinum electrode in 
contact with the nerve. 

The second change is the more common use of the transthoracic 
approach to the phrenic nerve to implant the electrode. This is especially 
true in cases of quadriplegia in which every segment of the diaphragm 
must be functioning for achievement of full-time ventilatory support by 
pacing. In the older literature on the treatment of tuberculosis by 
paralyzing the diaphragm, there are many references to the presence of 
accessory phrenic nerves which do not join the main trunk of the nerve as 
it passes through the neck. Although we began diaphragm pacing with 
stimulation of the phrenic nerve in the thorax in 1963, we abandoned it 
for the cervical approach because it caused pain. We now know the pain 
was caused by the use of an excessive current and poorly shielded 
electrodes. Using revised pacing techniques and electrodes, pain on 
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Table 4. Caveats in Diaphragm Pacing 


CONCERN 


CAVEAT 


. Selection of patients for 
diaphragm pacing 


. Operative technique 


. Use of pacemaker 


. Pacing schedule 


. Pacemaker apparatus 


3}. Upper airway obstruction and 


tracheal aspiration 


. Sedatives, tranquilizers, 
narcotics 


. Major operations or disease, 
respiratory complications, 
terminal illness that affects 
the body as a whole 


. Fatigue of diaphragm 


Tantamount to successful ventilatory support by 
pacing is adequacy of structures to be affected by 
electrical stimulation. ( 


Iatrogenic injury to the phrenic nerve is the most 
common cause of failure to pace a normal nerve. 
Infection of any of the implantable components 
usually requires removal of all. 


Lack of complete understanding of proper settings 
of electronic parameters can lead to inadequate 
pacing or irreparable damage to the phrenic nerve 
and diaphragm. 

The pacing schedule must be individualized for 
each patient’s particular problem. Patients who re- 
quire full-time pacing, particularly small children, 
will need day to day supervision for first 6 to 8 
months of pacing. 


Pacemaker failure in a quadriplegic can be disas- 
trous. A fail-safe alarm system must be available for 
patients to activate with head or tongue. Failure of 
the pacemaker apparatus is most commonly due to 
battery failure, broken antenna wire or connector, 
component failure in implanted radio receiver, cir- 
cuit failure in exterior transmitter, and electrode 
wire breakage (which is the least likely cause of 
failure). Failure to pace or pace properly may be also 
an indication of injury to the nerve. 


Airway obstruction from several causes may inter- 
fere with ventilation. A clear airway during pacing 
is essential. 


Any respiratory depressant is contraindicated. 
Pacing alone will not support ventilation in the 
sedated patient. 


Pacing may not provide sufficient ventilatory sup- 
port in disorders that stimulate or depress general 
body metabolism. 


Fatigue of the diaphragm results in inadequate ven- 
tilation and, if persistent, irreparable damage to the 
nerve and diaphragm. The diaphragm must be 
rested by providing passive ventilation should 
fatigue occur and then pacemaker parameters and 
schedule adjusted. 
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stimulation never occurs in the therapeutic range of stimulation and is no 
more of a problem with the electrode in the chest than in the neck. 
Accidental stimulation of the heart, which could precipitate fibrillation, 
can be avoided by placing the electrode on the nerve well above the heart. 

Diaphragm pacing is simple when the structures are normal and the 
need for ventilatory support is limited; however, when full-time support 
is required or when the structures affected by pacing are abnormal, 
complex problems may arise. Some of the concerns and caveats with 
reference to pacing the diaphragm are listed in Table 4. Most important: 
Even with parameters adjusted so that the electrical charge to the tissue 
is the lowest that is possible without jeopardizing ventilation, electrical 
pacing of a hemidiaphragm must never be carried beyond 16 hours. 
Provision of intermittent rest periods following pacing is a fundamental 
part of developing a pacing schedule. 

In certain acute situations in which pacing has been adequately 
supporting respiration, ventilatory failure may occur despite pacing asa 
result of further impairment of ventilatory function. Causes include use 
of depressant drugs such as sedatives, tranquilizers, and pain relievers 
other than salicylates; debilitating illness due to infection, tumors, and 
metabolic disorders; acute pulmonary infection and pulmonary edema; 
and major operations. In the presence of the aforementioned acute 
causes of impairment of pulmonary function, one must not depend 
upon diaphragm pacing for ventilatory support. Pacing should be 
discontinued until the causes are removed. In the meantime, ventila- 
tory support is provided by a mechanical ventilator. 


CONCLUSION 


Respiratory paralysis associated with quadriplegia has been success- 
fully treated for the past 10 years by electrical stimulation of the phrenic 
nerves to pace the diaphragm. In a series of 20 patients, in 18 whose 
phrenic nerves had intact and viable lower motor neurons, full- or 
part-time support of respiration has been provided by pacing for three 
months to 10 years. When diaphragm movement was subnormal, it was 
necessary to restore optimal function by conditioning the diaphragm 
muscle. The pacing schedule and the mode of pacing were individualized 
for each patient. 

On the basis of extensive laboratory and clinical experience, the 
surgical techniques for applying the diaphragm pacemaker and the 
electrical parameters employed for pacing have recently been modified 
and applied clinically. 
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Symposium on Complex Surgical Problems 


Paralysis of the Larynx and Pharynx 


Clarence T. Sasaki, M.D.* 


Lesions of the vagus nerve will produce devastating effects on vital 
functions related to swallowing, breathing, and phonation. Complica- 
tions of vagal injury can be catastrophic and life-threatening. An under- 
standing of anatomy and function leads to a practical organization of 
surgical priorities useful in rehabilitating neurologic disorders of the 
upper aerodigestive tract. 


NORMAL ANATOMY AND FUNCTION 


Although deglutition is a continuous process, it may be divided into three 
stages: oral, pharyngeal, and esophageal. 

During the oral stage, the bolus is stripped backward by the tongue (Fig. 1A). 
As food enters the oropharynx, the soft palate, fauces, and posterior pharyngeal 
wall (all receiving vagal innervation) actively approximate to seal off the 
nasopharynx (Fig. 1B). As the bolus further enters the pharynx, the larynx is 
abruptly elevated by reflex contraction of the constrictor muscles innervated by 
the vagus nerve. The upward movement of the larynx accentuates the shield-like 
configuration of the epiglottis, directing the bolus laterally into the pyriform 
sinuses. In so doing, swallowed matter is directed laterally and posteriorly away 
from the laryngeal aditus into the esophagus (Fig. 1, B to D). Relaxation of the 
cricopharyngeus muscle must precisely coordinate with the arrival of the bolus in 
order to allow its entry unimpeded into the upper esophagus. Once entering the 
esophagus, swallowed matter is propelled by gravity into the stomach (Fig. 1E). 

Thus deglutition consists of three stages: a voluntarily controlled oral stage, a 
reflexly coordinated pharyngeal stage, and a gravitational or esophageal stage. 
Because the upper airway traverses the digestive tract in the region of the 
pharynx, intricate coordination between breathing and swallowing is necessary, 
rendering the pharyngeal state the most complex and thus most vulnerable stage 
of deglutition.'® 

The degree of reflex coordination required in the second stage of deglutition 
can be appreciated when one recalls that the entire pharyngeal contribution is 
normally completed in less than 1 second. During this stage, the larynx, as wellas 
the pharynx, plays a key role. 

Contrary to common opinion, the primary role of the larynx is not phonatory. 
Rather, its principal function is sphincteric, protecting the lower airway from the 
aspiration of swallowed matter. This concept is supported clinically as well as 
phylogenetically when in lower animals the larynx appears to act as a simple valve 
protecting the lungs from intrusion of foreign matter. Thus, when swallowing, the 
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Figure 1. Normal deglutition. A, The bolus is moved posteriorly by the tongue. B, The 
larynx is reflexly elevated and the nasopharyngeal port closed. C, The bolus is directed 
laterally around the epiglottis, posteriorly into the pyriform sinuses. D, Approximation of the 


false and true cords prevents the bolus from entering the trachea. E, The bolus is propelled by 
gravity into the stomach. 
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Figure 2. The reflex arc responsible 
for laryngeal closure consists of the sen- 
sory limb of the vagus (superior laryngeal 
nerve) and the motor limb of the vagus 
(recurrent laryngeal nerve). Note that a 
small motor branch of the superior 
laryngeal nerve innervates the crico- 
thyroid muscle (extrinsic adductor). 


Table 1. 


NERVE 


1081 


Bra 


Heiss ta ihe 
De 


ganglion 


Superior 
laryngeal 
nerve 
(sensory) 
Superior 
laryngeal nerve 
(motor) 


Recurrent 

laryngeal —__ 
nerve 

(motor) 


Aorta 


Sensory Innervation of Upper Aerodigestive Tract 


DISTRIBUTION 


Vv Trigeminal 

IX  Glossopharyngeal 

».4 Vagus 
Pharyngeal plexus 
Superior laryngeal 
Recurrent laryngeal 


Oral cavity (palate, tongue) 
Base of tongue, tonsil 


Oro- and hypo-pharynx 
Supraglottic mucosa 
Subglottic mucosa 
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Table 2. Motor Innervation of Upper Aerodigestive Tract 


NERVE DISTRIBUTION 
V Trigeminal Muscles of mastication and 
tensor of palate 
VII Facial Muscles of facial expression 
Ix Glossopharyngeal Stylopharyngeus muscle 
X Vagus 
Pharyngeal plexus Levator of.palate and 
pharyngeal constrictors 
Superior laryngeal Cricothyroid (extrinsic adductor) 
Recurrent laryngeal Thyroarytenoid 
Interarytenoid (intrinsic adductors) 


Lateral cricoarytenoid 
Posterior cricoarytenoid 
(intrinsic abductor) 


larynx is reflexly elevated (see Fig. 1B) and simultaneously closed (see Fig. 1, C 
and D) by contraction of the intrinsic laryngeal adductor musculature. The 
concerned reflex pathway involves the sensory limbs of the ninth and tenth 
(superior laryngeal nerve) cranial nerves transmitting impulses from local 
pharyngeal receptors to the brain stem. In turn, instantaneous closure of the 
larynx is mediated by the motor limb of the tenth cranial nerve (recurrent 
laryngeal nerve) from the medulla (Fig. 2)." 

During deglutition, respiration is reflexly inhibited, thus functionally, al- 
though not anatomically, separating the act of breathing from swallowing. Fur- 
thermore, between swallows, the larynx is actively opened during inspiration by 
contraction of the laryngeal abductors. In fact, phasic respiratory contraction of 
the abductor muscles (posterior cricoarytenoid) is directly controlled by the 
medullary respiratory center via the motor component of the vagus nerve (recur- 
rent laryngeal nerve). Needless to say, without coordinated activation of the 
abductor muscles during inspiration, considerable turbulence will result in audi- 
ble stridor and possible air-hunger.” 

Phonatory function depends upon the active approximation of the vocal cords 
during the expulsion of air from the lungs. Active contraction of the laryngeal 
adductors not only approximates the cords, but also alters their shape. The vagus 
nerve again plays a key role in both voice production and its modulation.’ Tables 1 
and 2 summarize the innervation of the pharynx and larynx. 


Thus, in a brief discussion of function related to the pharynx and 
larynx, it becomes emphatically apparent that neuromuscular dysfunc- 
tion produces its most serious consequences on the vital act of degluti- 
tion. Lesser consequences are apparent in respiration and in phonation. A 
recognition of these relative consequences now clearly establishes 
therapeutic priorities. 


LOW VAGAL PARALYSIS 


Low vagal paralysis (below nodose ganglion) rarely affects degluti- 
tion. It may, however, produce noticeable respiratory and phonatory 
disturbances. Generally speaking, disruption of the vagus nerve below 
the nodose ganglion is considered less than life-threatening. 
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Unilateral Paralysis 


Low vagal paralysis largely spares the pharynx, its major effect being 
on the larynx. Thus, a unilateral lesion produces a unilateral cord 
paralysis involving both ipsilateral adductor and abductor muscles. The 
effect of such a lesion depends heavily upon the duration of paralysis. 

In early paralysis (less than one year) the involved cord assumes a 
paramedian position caused by the unopposed contraction of the ipsilat- 
eral cricothyroid muscle which, as an extrinsic adductor, receives its 
vagal innervation via the intact superior laryngeal nerve (see Fig. 2). In 
unilateral paralysis, neither respiration nor phonation is greatly affected 
(Fig. 3, A and B). The uninvolved cord abducts on inspiration and 
compensates across and midline on phonation providing a near-normal 
voice. Because sphincteric closure of the larynx is unimpaired, aspiration 
is rarely experienced. 

However, in late paralysis (greater than one year), the involved cord 
may move to the abducted or open position as the ipsilateral intrinsic 
muscles slowly atrophy. Although having no untoward effect on respira- 
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Figure 3. Indirect (mirror) laryngoscopy. A, In acute low vagal paralysis, the paralyzed 
left cord assumes a paramedian position while the innervated right cord opens on inspiration 
allowing air to enter the trachea. B, In acute low vagal paralysis, the innervated right vocal 
cord compensates on phonation by crossing the midline to meet the paralyzed left cord. C, In 
the late stages of low vagal paralysis, the left paralyzed vocal cord will often assume a 
lateralized position because of muscle atrophy. This lateralized position may also occur in high 
vagal paralysis when the ipsilateral cricothyroid muscle (extrinsic adductor) is denervated. D, 
During phonation in the late stages of low vagal paralysis, the atrophied left cord may assume 
such a lateralized position that the right innervated cord cannot possibly compensate. This 
configuration may also be seen with high vagal paralysis when the ipsilateral cricothyroid 
muscle has been denervated. 


1084 CLARENCE T. SASAKI 


Figure 4. Coronal section of the larynx. A, Muscle atrophy (arrow) has resulted in a 
flattened lateralized true vocal cord. B, Teflon paste injected into the paralyzed left vocal cord 
(arrow) reestablishes its midline position. 


tion, such a configuration may result in occasional aspiration and gradu- 
ally progressive hoarseness as the intact cord fails to fully compensate on 
adduction (Fig. 3, C and D). Effective treatment consists of vocal 
augmentation by the injection of Teflon paste into the paralyzed abducted 
cord (Fig. 4, A and B) resulting in its more midline position. Absorbable 
Gelfoam paste may be used instead of Teflon if the paralysis is judged to 
be temporary. Vocal cord augmentation alone may be completely effec- 
tive in the treatment of glottic incompetence caused by low vagal 
paralysis.'° 


Bilateral Paralysis 


A bilateral low vagal lesion spares the pharynx, but paralyzes the 
larynx resulting in the paramedian position of both vocal cords. In sucha 
case, deglutition is rarely impaired, aspiration being prevented by the 
closed position of the cords. For the same reason, voice quality may be 
near-normal. Breathing, however, may be turbulent. Treatment, while 
rarely emergent, may require tracheostomy. With the passage of time 
(greater than one year) the paralysis may cause sufficient bilateral cordal 
atrophy to result in less turbulent laryngeal air flow. However, as the 
atrophic vocal cords assume more lateral positions, vocal quality suffers 
and occasional aspiration may ensue. 

The early treatment of bilateral low vagal paralysis is tracheostomy. 
If the paralysis is considered to be permanent, that is, no functional 
return in one year, two options can be pursued. First, unilateral 
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Figure 5. Laryngeal reinner- 
vation. A, A nerve-muscle pedicle 
from the anterior belly of the 
omohyoid muscle is prepared for 
laryngeal reinnervation. B, The ae 
nerve-muscle pedicle is sutured A pee 
into the thyroarytenoideus muscle 
(intrinsic adductor). (From 
Tucker, H.M.: Human laryngeal 4 
reinnervation. Laryngoscope, 
86:769-779, 1976, .with permis- 
sion.) 


arytenoidectomy, resulting in the permanent lateralization of one 
paralyzed cord, will allow restoration of air flow through the larynx so 
that the tracheostomy tube can be removed." The greater the lateraliza- 
tion achieved, the greater the chance for aspiration and the greater the 
degree of hoarseness. For the same reason, bilateral arytenoidectomy is 
contraindicated because aspiration can be catastrophic . Second, rein- 
nervation of the paralyzed vocal cord may successfully alleviate turbulent 
inspiration (Fig. 5).'” By transferrring a nerve-muscle pedicle from the 
omohyoid muscle to the paralyzed posterior cricoarytenoid, phasic vocal 
cord abduction may be restored. In this case inspiratory activity of the 
omohyoid, mediated by the ansa cervicalis, is transferred to the paralyzed 
laryngeal abductor, the posterior cricoarytenoid muscle. 


HIGH VAGAL PARALYSIS 


Whether unilateral or bilateral, high vagal paralysis (above nodose 
ganglion) is clearly catastrophic. Not only is the larynx paralyzed, but the 
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Figure 6. Barium swallow. A, A lateral view shows characteristic aspiration due to high 
vagal paralysis. B, In high vagal paralysis, an anteroposterior view shows that the paralyzed 
vocal cord (small arrow) has assumed an open position. The atonic ballooned pyriform sinus 
(large arrow) allows swallowed matter to “spill over” into the trachea across an incompetent 
glottis. 


pharyngeal muscles are also dennervated. Because high vagal paralysis 
involves motor impairment of both the superior and recurrent laryngeal 
nerves, a slightly abducted paralyzed cord results. The open position of 
the vocal cord invites aspiration (see Fig. 3, C and D). Meanwhile, 
simultaneous pharyngeal paralysis produces ballooning of the atonic 
constrictor muscles resulting in a reservoir of secretions capable of 
contaminating an incompetent larynx and soiling the lungs (Fig. 6). 

More importantly, the combined absence of sensory cues from 
pharynx, larynx, and upper trachea produces total impairment of the 
pharyngeal stage of deglutition resulting in further life-threatening aspi- 
ration pneumonitis (Fig. 7). 

The paralysis may be caused by a variety of intracranial or extracra- 
nial events: inflammatory, vascular, traumatic, or neoplastic. In most 
clinical situations, it is therefore not uncommon to encounter widespread 
cranial nerve involvement. Associated paralysis of the fifth, seventh, 
ninth, and twelfth cranial nerves represents a crippling threat to life. 
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Figure 7. A, Massive aspiration pneumonitis may be life-threatening. B, A follow-up 
chest roentgenogram demonstrates an evolving lung abscess (arrows). 


The overriding therapeutic concern is the prevention of aspiration. 
Treatment must be prompt and effective in order to be life-saving. A trial 
and error approach to treatment is to be condemned. Patients may be 
divided into two broad therapeutic categories of unilateral paralysis or 
bilateral paralysis. 


Unilateral Paralysis 


Prompt treatment consists of the following measures in combina- 
tion: 

1. A cuffed tracheostomy allows a temporary means of averting 
aspiration while providing adequate pulmonary toilet. Long-term cuffed 
tracheostomy invites stomal infection,'® tracheal stenosis,' esophageal 
erosion,” and innominate artery fistulization.* For this reason, cuffed 
tracheostomy alone does not serve a useful long-term solution to this 
problem. Not infrequently the cuffed tube introduces catastrophic com- 
plications of its own. 

2. Nasogastric tube feeding provides a temporary solution to im- 
paired deglutition. However, long-term nasogastric feeding is not only 
uncomfortable but invites nasal, esophageal, and laryngeal injury. 

3. Vocal cord augmentation by Teflon injection aids in transforming 
a lateralized cord into a more median position.'® By aiding glottic closure 
during deglutition, gross tracheal contamination is minimized. However, 
vocal cord injection alone is never completely effective in correcting 
aspiration caused by high vagal paralysis. 
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4. To facilitate the passage of swallowed matter from oropharynx 
into the upper esophagus, a cricopharyngeal myotomy is essential (Fig. 
8).° More importantly, myotomy minimizes stasis of saliva and secretions 
within the atonic paralyzed pharynx, secretions that can be aspirated if 
regurgitated. 

5. Salivary production can be reduced by bilateral chorda tympani 
and tympanic nerve sections (Fig. 9).'° Neurectomy is accomplished 
transtympanically under local anesthesia. The control of excessive saliva 
remains effective for months using this method, which interrupts pre- 
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Figure 9. Tympanic neurectomy. A transcanal tympanotomy allows ready access to the 
chorda tympani nerve and the tympanic nerve. 
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ganglionic parasympathetic innervations to the submandibular (chorda 
tympani nerve) and parotid (tympanic nerve) salivary glands. 

Rarely in unilateral high vagal paralysis is any single procedure 
completely successful in preventing life-threatening respiratory compli- 
cation owing to aspiration. However, when used in combination, 
sufficient rehabilitation can be expected, allowing one to remove both 
tracheostomy and nasogastric tubes in the satisfactory rehabilitation of 
deglutatory function. 


Bilateral Paralysis 


Bilateral paralysis is incompatible with life. It is therefore mandatory 
that the extent of deficit be clearly defined. One cannot assume that 
measures successful in rehabilitating unilateral paralysis will suffice in 
averting massive aspiration and death. There is simply no place for vocal 
augmentation, cricopharyngeal myotomy, or transtympanic neurectomy. 
Rather, the following definitive surgical steps are urgently required.* 

1. Tracheostomy is performed to support respiration and provide 
pulmonary toilet. 

2. Gastrostomy minimizes aspiration of food or fluid taken by mouth 
and is better tolerated than nasogastric feeding over long-term recovery. 

3. Surgical closure of the larynx represents the single most impor- 
tant step in preventing aspiration in those patients who have suffered 
progressive loss of sphincteric and phonatory laryngeal control. Surgical 
closure of the larynx is theoretically reversible should sufficient 
neuromuscular function return in any given patient. Numerous surgical 
techniques have been devised to separate the upper respiratory from 
digestive tract. Each technique has met with diverse success in the 
hands of most surgeons. The epiglottic flap operation of Habal,! Linde- 
man’s diversion procedure,’ and Montgomery’s glottic closure® procedure 
have all been successful in the prevention of aspiration when reflex 
closure of the larynx is severely impaired. A variation of Montgomery’s 
procedure greatly improves the chances of successful surgical closure 
and for this reason is described below." 

TecuNiquE. A permanent tracheostomy is first performed over an 
endotracheal tube, after which general anesthesia may be delivered 
through the tracheostomy cannula for the remainder of the surgical 
procedure. A permanent tracheostomy ensures a safe airway if the 
tracheostomy tube is accidentally dislodged after surgical closure of the 
larynx has been accomplished. The larynx is approached through a 
horizontal skin incision made over the thyroid cartilage (Fig. 10A). Skin 
flaps are developed by subcutaneous dissection superficial to the ster- 
nohyoid muscle, avoiding, if possible, communication with the tracheos- 
tomy. The sternohyoid muscles are separated from each other in the 
midline, exposing the underlying thyroid notch and cricothyroid mem- 
brane. 

A vertical midline thyrotomy is created, using a No. 15 surgical blade 
if cartilage is un-ossified. If ossification has occurred, an oscillating saw 
is used to create the vertical incision through the thyroid cartilage (Fig. 
10B). Before the lumen of the larynx is entered, the cricothyroid mem- 
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Figure 10. Surgical closure of the larynx.*4A, A horizontal skin incision is made over the 
thyroid cartilage. B, The thyroid cartilage is opened vertically (arrows). C, The thyroid alae are 
retracted laterally to expose the true and false cords as well as the laryngeal ventricles. D, The 
free edges of the false cords are approximated in a first layer of closure. E, A superiorly based 
sternohyoid muscle pedicle is sutured into the midline posterior commissure (arrows). The 
free edges of the true vocal cords are then approximated in a third layer of closure. F, The 
thyroid alae are reapproximated and the skin is closed over a drain. (From Glenn, W.L., Haak, 
B., Sasaki, C.T., and Kirchner, J.A.: Characteristics in management of respiratory complica- 
tions accompanying pathologic lesions of the brain stem. Ann. Surg., in press, 1980, with 
permission. ) 


brane is opened horizontally for a short distance (1 cm) in order to 
visualize the anterior commissure of the larynx from below as the 
laryngeal airway is gradually opened sagittally. By using small skin 
hooks, the thyroid alae may be retracted allowing accurate division of the 
anterior commissure in the midline under direct vision (Fig. 10C). 

A self-retaining retractor can be inserted for continued exposure. For 
purposes of hemostasis, lidocaine 1 per cent with epinephrine 1: 100,000 
is infiltrated into both true and false cords. Mucous membrane between 
the free edges of the false and true cords is resected. Mucous membrane 
is thereby removed from the glottis circumferentially. Specific attention 
must be paid to the removal of mucous membrane from both laryngeal 
ventricles and their superior saccular extensions. The free edges of both 
false and true cords are undermined, 1 to 2 mm, to facilitate their midline 
approximation. 

The glottis is then closed superiorly in a first layer by approximating 
denuded margins of both false cords with interrupted 4-0 Dexon suture, 
vertically mattressed (Fig. 10D). 

A superiorly-based sternohyoid muscle pedicle is then routed through 
the thyroid notch. It may be necessary to resect a margin of alar cartilage 
in order to widen the notch for the comfortable insertion of the muscle 
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pedicle. The leading edge of the muscle flap is anchored to the in- 
terarytenoideus muscle in the midline posterior commissure before the 
free edges of the true vocal cords are approximated inferiorly with 
vertically mattressed 4-0 Dexon suture (Fig. 10E). A superiorly-based 
muscle pedicle avoids disrupting its attachment to the posterior commis- 
sure as the thyrohyoid complex repeatedly rises and falls with each 
swallow. In this regard, the viable muscle flap provides a dual function. 
On the one hand, it obliterates a large dead space created by the 
apposition of the ventricular concavities. On the other hand, three rather 
than two layers of closure are accomplished without tension. The thyroid 
alae are re-approximated with several absorbable sutures and the wound 
closed over a drain (Fig. 10F). 

Surgical closure of the larynx, while theoretically reversible, should 
be reserved only for those patients in whom aspiration is clearly life- 
threatening. Those who suffer bilateral high vagal paralysis clearly fall 
into this category. Those patients with unilateral high vagal paralysis 
may require such a procedure if the combination of recommended 
conservative measures fails to control aspiration. The associated in- 
volvement of cranial nerves five, seven, nine, or twelve increases the 
severity of pharyngeal dysfunction in unilateral high vagal paralysis, thus 
increasing the likelihood for surgical closure of the larynx. 


SUMMARY 


Widespread neurologic dysfunction of the pharynx and larynx is 
catastrophic. Aspiration pneumonitis, resulting from laryngeal and 
pharyngeal incompetence, is incompatible with life. In such cases, 
surgical intervention plays a key role and may be clearly life-saving. A 
system of surgical management has evolved based upon an understand- 
ing of functional priorities, leading to an organized plan of treatment and 
rehabilitation. 
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Tracheotomy is performed for one of two main purposes: to bypass an 
obstruction in the laryngeal or supralaryngeal airway, or to provide access 
to the lower respiratory tract in order to clear it by suction or to provide 
mechanically assisted ventilation by way of a cannula or an endotracheal 
tube introduced through the surgical opening. 

A vertical midline incision is recommended for tracheotomy except 
when the procedure is being performed as the first stage of an operation 
on the larynx. In this case, the horizontal skin incision for the 
tracheotomy can be used as part of the incision for the flap that is to be 
elevated. With the usual vertical midline incision, the upper end should 
start at the inferior edge of the cricoid cartilage. The vertical incision does 
not result in a less acceptable scar, in our experience, and has the 
additional advantage of allowing the cannula to move easily with eleva- 
tion and descent of the trachea during swallowing. In this way the tract 
from the skin to the trachea forms without being displaced by the upper 
or lower flaps that result from a horizontal skin incision. 

After the subcutaneous tissue appears in the incision, it should be 
picked up by forceps on each side and gently lifted as the midline is 
opened by the scalpel. This technique lifts the subcutaneous tissues away 
from the investing fascia which contains the anterior jugular veins, the 
first potential bleeders of any consequence. This layer of fascia is easy to 
recognize and can be opened by scalpel or scissors if there are no veins 
crossing the midline. If there are, they should be clamped, cut, and 
ligated in the midline. 

As the investing fascia is opened, the thyroid isthmus appears. It 
usually overlies the three or four tracheal rings that should be exposed for 
the tracheotomy. The isthmus should be mobilized by cutting its suspen- 
sory ligament along the inferior edge of the cricoid cartilage, thus 
releasing the isthmus and exposing the trachea. A long hemostat is then 
used to dissect downward on the anterior tracheal wall. This frees the 
isthmus on its deeper aspect so that it can be clamped on either side of the 
midline, cut between the clamps and suture ligated. In a short-necked 
patient, it may not be possible to divide the entire isthmus, but only the 
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upper half or two-thirds. Even this will usually be enough to expose the 
trachea at the second and third rings where the opening is to be made. 
The isthmus should be divided rather than retracted, even in the infant. 
Otherwise it may exert pressure against the shaft of the cannula and 
displace its distal end against the tracheal wall. 

The trachea is then opened by a transverse incision between the 
second and third rings after which these rings are cut in the anterior 
midline. This produces a cruciate type of opening which may be enough 
to admit the cannula. If not, the fourth ring is then cut in the anterior 
midline, using scissors for added safety. It is not our practice to remove a 
window of cartilage from the anterior tracheal wall except when the rings 
are ossified. In the infant, a silk suture may be placed on each side of the 
tracheal incision, brought out, and taped to the skin. This helps control 
and locate the stoma in case of accidental decannulation.’ 


Problems During Performance of Tracheotomy 


1. Bleeding 

a. Branches of the anterior jugular vein. Relatively little bleeding is 
encountered as the skin and subcutaneous fat are cut through. As the investing 
fascia is encountered, branches of the anterior jugular vein appear and should be 
identified, ligated, and cut in the anterior midline. 

b. Inferior thyroid veins are rarely encountered in the adult except in long 
thin-necked patients, since the lower edge of the isthmus usually lies close to or 
behind the top of the manubrium in the adult. In infants and young children, 
inferior thyroid veins identified during performance of tracheotomy should alert 
the operator that he is fairly low on the trachea and that he should start working 
toward the upper end of the trachea before performing the tracheotomy. Unrecog- 
nized injury to these veins may result in air embolism. Troublesome bleeding may 
also occur because of their low position in the neck and because of the danger of 
injury to the innominate vein by attempts to clamp the bleeding vessel. 

c. The communicating branch of the superior thyroid artery lies along the 
upper edge of the isthmus and can be controlled by clamping the isthmus, dividing 
it in the midline and inserting suture ligatures. The tracheal cartilages lie 
immediately deep to the isthmus. 

d. Thyroidea ima artery is rarely encountered. 

e. The innominate artery may occasionally be palpable or even visible just 
above the manubrium where it is vulnerable to injury. If the scalpel is being used 
low in the midline, its sharp edge should be directed upward to avoid cutting this 
vessel. Blunt dissection below the thyroid isthmus is recommended. 

f. Common carotid artery in the newborn infant. In the infant of one month 
or less, the structures in the lower anterior neck are small and very close together. 
Under the pressure of an emergency, it is possible to mistake the common carotid 
artery for the trachea even when the dissection appears to be limited to the 
midline. The trachea should be palpated for pulsation before opening it. 

2. Tracheoesophageal Fistula 

Whenever possible, the posterior wall of the trachea should be protected by 
inserting an endotracheal tube or bronchoscope before performing the 
tracheotomy. 

3. Obstruction 

a. Positioning. As the patient’s neck is being extended, the airway may 
become further obstructed. In this case, the head must be brought back to the 
original position and the tracheotomy performed in a position of less extension. 
Prior intubation with an endotracheal tube or bronchoscope prevents this problem. 

b. The posterior wall of the trachea may bulge into the end of the cannula on 
straining or coughing. This is sometimes seen in infants and may require the 
placement of a beveled cannula with the long side of the bevel facing posteriorly. 


TRACHEOTOMY AND ITS PROBLEMS 


Figure 1. Arrow shows narrow- 
ing of the trachea by granuloma 
below the end of the tracheotomy 
cannula. An endotracheal anes- 
thesia tube was required to bypass 
this obstruction. 


c. Granulation tissue may develop as a result of suctioning or trauma to the 
tracheal wall by the end of the tracheotomy cannula (Fig. 1). 

d. Tracheomalacia may result from poor cartilaginous development or from 
resorption of the tracheal cartilages by continued pressure by the end of the 
cannula. 

e. An overinflated cuff that has herniated downward over the open end of 
the cannula may produce obstruction. 

4. Aggravation of an unrecognized fracture or dislocation of a cervical ver- 
tebra may result from extension of the patient’s neck. The possibility of such an 
injury should be investigated before performing tracheotomy in case of severe 
trauma to the head and neck. 


Summary of Operative Procedure 


For emergency tracheotomy, a vertical midline incision should be used, 
starting at the inferior edge of the cricoid cartilage. 

An assistant facilitates dissection by picking up the soft tissues with toothed 
forceps placed immediately opposite those of the surgeon as the midline tissues are 
being cut with the scalpel. 

The sharp edge of the scalpel should be directed cephalad. Dissection should 
be carefully confined to the midline. 

As the investing fascia appears, branches of the anterior jugular veins that 
cross the midline should be clamped, cut, and ligated. 

The thyroid isthmus is mobilized by cutting its suspensory ligament along the 
inferior edge of the cricoid cartilage. It can then be clamped on each side near the 
midline, cut, and suture ligated. 

The trachea should be opened in the interspace between the second and third 
rings. These rings are then cut in the midline to accommodate the cannula. 
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The incision should be left open to help prevent subcutaneous and mediastinal 


emphysema. : 
A postoperative chest x-ray film should be obtained for immediate baseline 


information and as a check on possible intraoperative complications such as 
pneumothorax and mediastinal emphysema. 


Early Postoperative Period 


Early bleeding usually occurs from branches of the anterior jugular 
vein if the dissection has been confined to the anterior midline. These 
will have to be searched for and ligated. These veins should be ligated 
during the course of the operation rather than controlled temporarily by 
electrocoagulation. An expanding hematoma may gradually displace the 
end of the cannula out of the tracheal lumen if the opening has been 
made low in the tracheal wall. 

Arterial bleeding may originate from the communicating branch of 
the superior thyroid artery as it courses along the upper edge of the 
thyroid isthmus. Arterial bleeding from the lower part of the stoma may 


Figure 2. A false passage may result 
from too low an opening having been 
made in the trachea. When the neck is 
flexed at the end of the operation the 
trachea descends and the distal end of the 
cannula may be dislodged as shown. 
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signal erosion of the innominate artery by the cannula. This complication 
is relatively rare in the immediate postoperative period but may occur 
later, particularly if mediastinal infection is present. Under these condi- 
tions it may be impossible to control the bleeding with arterial suturing 
techniques. Control of mediastinal infection is of paramount importance 
if attempts to control bleeding from the large mediastinal vessels are to be 
successful. 

Pneumothorax may result from injury to the dome of the pleura 
during dissection, especially if the patient’s airway is obstructed during 
performance of the tracheotomy. It is more likely to occur in the infant 
than in the adult. A chest x-ray film should be a routine procedure in the 
immediate postoperative period. 

Subcutaneous emphysema may occur in the early postoperative 
period. The fascial planes of the neck are opened during tracheotomy but 
ordinarily retract laterally and overlap like the shingles on a roof. If the 
tracheotomy incision is closed in layers, the edges of the fascial planes are 
brought in to a more midline position where they are subject to the 
entrance of air under pressure. Subcutaneous emphysema should always 
alert the surgeon to check the tracheotomy cannula for patency and for 
position in the lumen. The complication is more likely to occur in the 
presence of obstruction in the cannula by mucus or blood. 

False passage. If the cannula becomes dislodged during the first few 
hours after tracheotomy, attempts at reinsertion may push the tube into 
the soft tissues anterior to the trachea (Fig. 2). A sterile Kelly clamp 


Figure 3. The inflated cuff on 
the tracheal cannula may produce 
aerophagia and abdominal distention. 
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should be available at the bedside and is helpful in delineating the tract 
under these conditions. The silk sutures at the tracheostomy, as de- 
scribed above, are also helpful in controlling and locating the tracheal 
opening. 

Abdominal distention. An inflated cuff on the cannula may exert 
pressure on the upper esophagus through the posterior wall of the 
trachea. This pressure may produce a sensation of an esophageal bolus 
that the patient tries to swallow with the result that air is repeatedly 
forced into the esophagus and lower gastrointestinal tract (Fig. 3).? 

Aphonia was observed in a man in whom the cannula had been 
inserted through the thyrohyoid membrane instead of below the cricoid 
cartilage. The patient had a short thick neck and had been injured in an 
automobile accident. The emergency tracheotomy had been performed 
under adverse conditions and the hyoid bone apparently mistaken for the 
cricoid cartilage (Fig. 4). 


Inadequate Ventilation After Performance of Tracheotomy 


The end of the cannula may be resting against the posterior tracheal 
wall as a result of one of two factors: the horizontal incision may have 
been made too low, so that the upper skin flap rests on the cannula at its 
proximal end and displaces the distal end posteriorly (Fig. 5); or the 
“blow-by” plastic tube attached to the cannula for humidification may 
drag the proximal end of the tube downward by its weight. 


Figure 4. Emergency trache- 
otomy performed through the 
thyrohyoid membrane rather than 
through the cricoid as was planned. 
H marks hyoid bone. 
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Figure 5. Horizontal incision in 
the skin is often made too low result- 
ing in displacement of the distal end of 
the tracheotomy cannula against the 
posterior party wall. 


The end of the cannula may abut against the anterior wall of the 
trachea. This is sometimes due to failure to cut the thyroid isthmus and 
simply to displace it downward during performance of the tracheotomy. 
After the traction is released on the isthmus and the head is brought back 
into the normal position, the isthmus may move upward against the 
proximal end of the cannula and displace the distal end anteriorly against 
the tracheal wall. 

The open side of the bevel may be resting against the posterior wall of 
the trachea. This is often true in the newborn or very young infant when 
this type of plastic cannula is used. 

The end of the tracheotomy cannula may rest on the carina in very 
young infants. 


Late Complications 


Tracheal stricture usually results from necrosis of the tracheal 
mucous membrane brought on by excessive cuff pressure. It is interest- 
ing that the necrosis occurs usually on the cartilages themselves and not 
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in the intercartilaginous segments since the latter yield to the pressure of 
the cuff and maintain their circulation (Fig. 6). At the tracheotomy site, 
stricture may result from infection, dissolution of cartilage, or from the 
removal of a window from the anterior tracheal wall.'® At the end of the 
cannula, stricture may be the result of trauma to the anterior tracheal 
wall by the tip of an anteriorly displaced cannula. 

Tracheoesophageal fistula may result from unrelieved pressure of 
the cuff against the posterior wall of the trachea in the presence of 
infection. This complication is rarely seen with the use of the modern 
low-pressure cuffs. 

Subglottic stenosis may result from injury to the cricoid cartilage 
during the performance of tracheotomy. Although the cricothyroid mem- 
brane can often be opened and intubated without resultant subglottic 
stenosis, cutting the cricoid cartilage itself appears to carry a higher risk 
of stenosis. Infection appears to promote subglottic stenosis as the result 
of contamination being carried from the tracheostomy to the subglottic 
area by ciliary action. Contamination at the tracheotomy site can be 
minimized by systemic antibiotics or by the application of iodinized 
antiseptic solutions or ointments to the stoma.’ Subglottic stenosis 
following tracheotomy is particularly high in infants below one month of 
age and in patients who have required mechanically assisted ventilation 
delivered by endotracheal tube. ' 

Tracheocutaneous fistula results from the formation of squamous 
epithelium along the inside of the tracheotomy tract so that the walls 
cannot heal together after the tube is finally removed. Closure requires 
resection of the skin-lined tract from the skin down to the trachea.® It is 
our practice to leave the wound open after excision of the tract and allow 
it to close spontaneously in order to avoid the possibility of subcutaneous 
emphysema. 

Aspiration. Tracheotomy in the young infant is sometimes accom- 
panied by aspiration of ingesta, raising the question of iatrogenic 


Figure 6. Necrosis of mu- 
cous membrane covering the 
tracheal cartilage caused by exces- 
sive cuff pressure. 
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tracheoesophageal fistula. In most cases, however, no surgical injury has 
occurred. A study of the glottic closure reflex in dogs demonstrated that 
tracheotomy may disrupt the finely coordinated protective mechanisms 
within the upper aerodigestive tract that ordinarily protect the respiratory 
tract during deglutition. Aspiration may, therefore, be due to a weakened, 
ill-coordinated closure response within the larynx during the act of 
swallowing.* 

Fused vocal cords. Endotracheal intubation may cause abrasion of 
the glottic epithelium. This is most likely to occur if the tube is left in 
place for more than 48 hours, if the tube is too large, if there is movement 
between the tube and the mucosa as with positive pressure mechanically 
assisted respiration, in the presence of infection, or in an active, restless 
patient. Hilding’s studies indicate that this probably happens routinely.’ 
After removal of the endotracheal tube the raw edges of the vocal cords do 
not ordinarily adhere to one another because the cords are drawn apart 
with every inspiration. If, however, a tracheotomy is performed before or 
after removal of the endotracheal tube, the cords need no longer abduct 
with quiet inspiration. During quiet breathing, the glottis may remain 
closed so that the edges of the vocal cords can heal together along part or 
all of their length if they have been traumatized by the endotracheal 
tube. 


Decannulation Difficulties 


Granuloma sometimes occurs at the site of entrance of the cannula 
into the trachea. It can usually be identified by lateral x-ray film or 
xeroradiography, and can be removed endoscopically (Fig. 7). 

Indentation of the anterior wall of the trachea by the curve of the 
cannula may result from failure to cut the thyroid isthmus or from failure 
to cut the ring immediately above the tracheal opening. This ring is 
therefore compressed and pushed into the tracheal lumen by the cannula. 
It is not usually a serious problem in the adult but it may cause 
decannulation difficulties in the infant (Fig. 8). 

The cannula may occasionally be too large to allow easy exchange of 
air between the tube and the trachea. The airway should be checked 
carefully by occluding the stoma after the cannula has been completely 
removed. 

It has been shown experimentally that elimination of ventilatory 
resistance by tracheotomy results in cessation of laryngeal abductor 
activity in cats and dogs.* Although this has not been documented in the 
human, this author has observed complete dissociation of the phasic 
opening of the glottis in a patient who had been tracheotomized for a 
period exceeding a year. The tracheotomy had been performed to facili- 
tate mechanically assisted ventilation in a nine year old girl with 
paralysis of both phrenic nerves. After a phrenic pacemaker had been 
successfully implanted, an attempt was made at decannulation. Inspira- 
tory stridor and obstruction prevented removal of the cannula at the first 
few attempts. Examination of the vocal cords from below was accom- 
plished by introducing a flexible fiberoptic bronchoscope through the 
tracheostomy. This revealed a normal-sized glottis but purposeless, 
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Figure 7. Granuloma in the 
tracheal lumen at site of tracheotomy. 


uncoordinated movements of the vocal cords which resulted in their 
being sucked into the air stream during inspiration. Occasional brisk 
abduction, however, was observed. 

On the basis of laboratory observations,® it was decided to add 
resistance to the inspired air by partially occluding the tracheotomy 
cannula with a notched cork for progressively longer periods each day. 
This caused the patient considerable apprehension and discomfort at first 
but she gradually grew accustomed to the obstruction and was able to 
tolerate complete occlusion of the tracheotomy cannula on the fourth day. 
At this time examination of the glottis by flexible fiberoptic bronchoscopy 
showed normal phasic opening of the vocal cords on inspiration. 

Side-to-side collapse of the tracheal walls on forced expiration or 
cough has been observed in one patient. This probably resulted from too 
many rings having been cut in the midline so that the side walls of the 


trachea became sucked together during forced expiration by the Ber- 
noulli effect. 


Conclusion 


Intraoperative complications associated with tracheotomy may usu- 
ally be avoided by following the techniques described above. Early 
postoperative complications can usually be avoided by careful intraopera- 
tive hemostasis, avoidance of sharp dissection below the thyroid isthmus, 
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Figure 8. A, Indentation of the anterior tracheal wall by the cannula usually results from 
failure to cut the thyroid isthmus or to cut the ring immediately above the tracheotomy 
opening. B, Indentation of the tracheal wall as described in Figure 8A is shown in an autopsy 
specimen. 
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and allowing the deep layers of the tracheotomy wound to remain open. 
The tracheal rings should be counted from above down, so as to avoid too 
low an opening into the trachea with the risk of accidental decannulation 
and displacement of the distal end of the cannula into the pretracheal soft 
tissues. 

Overinflation of the cuff may result in abdominal distention as a 
result of aerophagia. The distal end of the cannula is less likely to be 
displaced against the posterior wall if a vertical skin incision is used 
rather than a horizontal. 

Low-pressure cuffs are now in general use with a lower rate of 
necrosis of the tracheal mucosa than with the formerly used high- 
pressure cuffs. 

Bacterial contamination of the tracheotomy site may promote sub- 
glottic stenosis in patients who have been intubated prior to the 
tracheotomy. This complication may be minimized by systemic antibi- 
otics or by iodinized antiseptic solutions or ointments applied to the 
stoma. 
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The addition of microsurgical techniques to the practice of hand 
surgery makes feasible reconstructive procedures that were impossible 
10 years ago. With the ability to anastomose blood vessels with an 
external diameter of 1 mm, the salvage of amputated fingers and hands 
became a clinical reality, and developments and refinements in the field 
of replantation surgery over the last decade have resulted in a present 
success rate of 80 to 90 per cent in producing a sensitive and functional 
replanted finger or hand. 

Microvascular surgery also revolutionized hand surgery with the 
technique of free flap transfer. Tissue movement from distant sites to the 
hand with microvascular anastomoses and microneural repairs is used 
now to handle reconstructive problems that had been insolvable or had 
required complex, multistaged, and often uncertain operations. The first 
clinical free flap transfer was done in 1972’ and stimulated innovative 
surgeons to define neurovascular territories in the trunk and lower 
extremity to serve as free flaps and free toe-to-hand transfers for recon- 
struction of congenital and post-traumatic hand deformities. Free ar- 
terialized bone grafts and free muscle transfers are now being described, 
but this article will discuss only the free tissue transfers that have 
become a reliable part of clinical hand surgery. However, we may 
anticipate further dramatic increases in the clinical application and 
frequency of free tissue transfers as surgical creativity meets the chal- 
lenge of difficult defects of the upper extremity. 


REPLANTATION OF AMPUTATED DIGITS AND HANDS 


In May 1962, Malt'* successfully replanted an arm severed above the 
elbow in a 12 year old boy. In November 1962, Kleinert!! refused to 
discard a devascularized thumb and successfully replanted the digit, 
repairing one digital artery without magnification. The operating mi- 
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croscope and the word ‘‘microsurgery” had previously been introduced to 
experimental vascular surgery by Jacobson and Suarez’’ in 1960, and 
Buncke et al.* reported their successful laboratory work with the replan- 
tation of digits in rhesus monkeys using microvascular techniques in 
1965. The first successful clinical microsurgical replantation of a severed 
digit was achieved by Komatsu and Tamai’ in July 1965, and was soon 
followed by numerous reports of digital replantation, which became 
relatively commonplace around the world by 1970. 

Over the last decade the wonder of replacing an amputated part has 
dissipated and the mere technical achievement of repairing 1 mm vessels 
is no longer noteworthy. Emphasis now is placed on case selection, 
preoperative management, postoperative rehabilitation, and organization 
of personnel necessary for a high degree of clinical success. Centraliza- 
tion of service in replantation surgery has developed in response to the 
need for a surgical team trained in microsurgical techniques to be 
available at any time to meet the increasing interest of both the medical 
and lay community in replantation procedures. 

A replantation center must have more than two experienced mi- 
crosurgeons who are also trained hand surgeons, with support personnel 
and microsurgical facilities which are available on a 24-hour basis. A 
microsurgical laboratory is also necessary so that the microsurgeon can 
maintain his skills between clinical cases, for the training of young 
surgeons, and for the bench work that will provide the answers to 
microsurgical problems. Rehabilitation personnel must be available for 
postoperative physiotherapy. With postoperative evaluation and long- 
term analysis of results of a large clinical workload, will come the 
information necessary to make replantation a routinely reliable operation. 


Patient Selection 


The responsibility of the hand surgeon is digital viability but his 
objective is restoration of function (Fig. 1). Across the country the 
success rate of selective replantation of digits at microsurgery centers is 
between 80 and 90 per cent. This drops to 50 per cent with less rigidly 
selected attempts, and it becomes obvious that not all patients should be 
candidates for replantation. It is rare that a patient will not willingly 
endorse a replantation attempt;-expecting a miraculous and immediate 
restoration of the part. The surgeon must obtain an informed consent by 
emphasizing that: a long and difficult operation carries at best an 80 per 
cent chance of survival of the part; the patient will be unable to return to 
heavy work for several months; one or two secondary operations are 
usually necessary at a later date; the ultimate function of the digit will be 
variably limited and never normal. 

Considerations in the selection of patients for replantation include 
age, general physical health, emotional health, occupation, and financial 
status. The best results are obtained in children since nerve recovery is 
more complete; good results decline after the age of 40, and replantation 
is generally contraindicated in the aged in whom functional recovery is 
very poor. Serious systemic diseases such as advanced diabetes mellitus, 
arteriosclerotic disease, or respiratory insufficiency are contraindications 


MICROVASCULAR SURGERY IN RECONSTRUCTION OF THE HAND 1107 


Figure 1. A, A complete am- 
putation of the dominant index 
finger in a 14 year old boy. B, Im- 
mediately after replantation. C, 
One year postoperatively, the pa- 
tient uses his index finger for all 
normal daily activities. 


to surgery. Psychological factors must be considered since patient moti- 
vation is essential to regain function. The relative importance of a digit 
varies with occupation or avocation; key pinch may be professionally 
essential to one patient, whereas the ring and little fingers may be most 
important in the laborer who handles a hammer or knife (Fig. 2). 
Preservation of a single, non-essential digit can downgrade an entire 
hand, and the patient who derives some specific function from a re- 
planted digit benefits most. Replantation is expensive and involves long 
and often multiple operations as well as time lost from work during the 
rehabilitation period. These aspects must be discussed with the patient 
preoperatively. 


Indications for Replantation 


The technical feasibility of replantation is determined by the mecha- 
nism of injury. A clean-cut or mild crush amputation is ideal, whereas 
avulsion or severe crush injuries with extensive vascular or segmental 
damage do poorly and should not be replanted routinely. In spite of vessel 
patency at the anastomotic site, the crushed part has little chance of 
survival because extravasation from the torn vascular bed will cause 
thrombosis later. O’Brien" reported 103 digital replants with 85 per cent 


1108 Mary H. McGratTH 


Figure 2. A, Amputation of the index 
finger, the distal thumb, and the long and 
ring fingers in a 35 year old carpenter was 
sustained on a circular saw outfitted with a 
ripping blade. The thumb of the opposite 
hand had been amputated at the metacar- 
pophalangeal joint six years previously in a 
similar accident. B, Immediately after re- 
plantation of the index finger and skin graft 
coverage of the thumb. C, Six months post- 
operatively, the patient has good range of 
motion, 5 mm, two-point moving discrimi- 
nation over the replanted finger-tip, and 
has returned to work. 


survival of complete amputations of the guillotine or localized crush type, 
and only 16 per cent survival of avulsion or diffuse crush types. 

An amputation distal to the distal interphalangeal joint cannot be 
replanted since the digital vessels arborize at this level and, with the 
exception of the thumb, microvascular anastomosis is impossible techni- 
cally in the terminal pulp branches. An amputation of the hand in the 
palm or at the wrist should be replanted even inthe face of crush injury, 
since it constitutes a devastating injury for which a prosthesis, which 
provides no sensation and limited motion, cannot compensate. The large 
diameter of the vessels in the hand make replantation easier and survival 
more assured than with digital réplants, but the functional recovery is not 
so good since it is limited by incomplete nerve regeneration and intrinsic 
muscle degeneration. 

The thumb is the most valuable of all digits and even in unfavorable 
injuries should be replanted if there is even a slim chance of survival. 

Multiple amputations are an absolute indication for replantation 
where the replacement of even one digit may be valuable to the patient 
(Fig. 3). If an important digit such as the thumb has been severely 
crushed, the digital transfer of a less damaged amputated part may be 
considered to restore the more important one. 

Other factors to be weighed are hand dominance, concurrent disabili- 
ties such as contralateral hand dysfunction, and cosmesis. The state of 
the art of microsurgery has progressed to the point where replantation of 
a single digit for cosmetic reasons in selected patients is indicated. 
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Figure 3. AandB, Multiple digit amputation ina 
45 year old man. C, Immediately after replantation. D 
and E, The result six months postoperatively, prior to 
flexor tendon grafting. 


The duration of ischemia in a digit without cooling should not exceed 
six hours. Hypothermia decreases the metabolic rate of the tissues, 
reducing the accumulation of toxic metabolic products and inhibiting 
bacterial growth. The immediate institution of cooling to 4° C can safely 
extend the ischemic period for a digit to at least 24 hours; with the 
passage of time, damage to the small vessels makes successful revascu- 
larization more problematic.’ The more proximal the amputation, the 
shorter the acceptable ischemic interval because of the muscle mass 
involved. 


Preoperative Management 


A successful replantation begins in the local emergency room with 
the initial care of the patient and his amputated part. Primary considera- 
tion is given to stabilization of the patient and evaluation of his candidacy 
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for replantation. If the local physician wishes to refer the patient to the 
microsurgery center, he explains to the patient the need for evaluation by 
replantation surgeons, stressing that replantation will not necessarily be 
undertaken after reassessment by the microsurgical team. Prior to trans- 
portation, parenteral fluids, tetanus prophylaxis, and a broad spectrum 
antibiotic are given. The amputated stump is rinsed with sterile 
saline and bleeding is controlled with a pressure dressing. The part is 
washed in isotonic solution, preferably lactated Ringer’s, wrapped in 
sterile gauze that is moistened with a solution of aqueous penicillin, and 
placed in a plastic bag on crushed ice. Direct contact with ice, the 
addition of other coolants such as dry ice, and contact with antiseptics or 
other solutions are to be avoided. If the devascularized part is still 
attached to the patient, it is splinted and an ice pack is incorporated into 
the dressing. 

Roentgenograms of the chest, stumps, and amputated parts are 
taken. Following the basic evaluation at the referral center, the patient is 
given an aspirin suppository and prepared for surgery while the devascu- 
larized part is taken to the operating room by a second microvascular 
team where it is cleaned, debrided, and key structures are identified 
under the microscope. When the laboratory studies and typed and 
crossmatched blood are available, the patient is anesthetized on a flota- 
tion mattress and a urinary catheter is passed. 


Operative Technique 


INSTRUMENTATION. For work on vessels in the 1 mm range, only a few 
instruments are necessary but they must be free of imperfections and 


Figure 4. Microsurgical instruments. 
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Figure 5. Microvascular clamp- 
approximators and a Schwartz vascular 
clamp. 


handled and cleaned gently. They include a microneedle holder, mi- 
croscissors, jeweler’s forceps, blunt-tipped tying forceps, and a small 
blunt cannula for wound irrigation (Fig. 4). Microvascular clamps and 
vessel approximators must be compact and gentle enough to prevent 
crushing of the vessel intima and media, which predisposes to platelet 
adhesion (Fig. 5). For vessels in the range of 0.5 to 1.0 mm, a 10.0 suture 
with a needle 70 u in diameter and monofilament nylon 20 uw in diameter 
is adequate. An operating microscope with a foot-controlled focus and 
zoom and aligned binocular vision for the surgeon and at least one 
assistant is necessary. It is important that the surgeon be seated comfort- 
ably with support for the forearms and hands to avoid fatigue and tremor 
during the surgical procedure (Fig. 6). 


Figure 6. The operating microscope has foot controlled motorized focusing and zoom 
magnification. 
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Figure 7. A, A 1mm digital artery grasped by the adventitia. B, Completed repair of the 
vessel held by the clamp-approximator. 
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PRINCIPLES OF MicROvASCULAR SuRGERY. Repair of a microvessel is a 
challenge that tolerates no technical errors. Studies have shown that 
vessel patency decreases in direct proportion to vessel size*® and that 
surgical technique is the critical factor governing spasm and thrombosis 
at the anastomotic site.! The principles of microvascular surgery are the 
same as those followed by any vascular surgeon: gentle handling of 
tissues and adequate debridement of vessels with intimal tears, mural 
fibrin deposits, or poor inflow (Fig. 7). Vessels with a significant discrep- 
ancy in size and anastomoses that are sharply angulated or subjected to 
non-linear flow are prone to occlusion. Turbulence and flow dynamics 
that activate procoagulants can be avoided with interposing vein grafts to 
improve the vascular configuration and provide a tension free anas- 
tomosis (Fig. 8). Proper suture tension is determined visually since there 
is no “feel” toa 10.0 suture as it is tied down. Sutures tied too tightly tear 
the intima, exposing a raw surface for platelet aggregation, and crush the 
media from which the cells necessary for reendothelialization arise. The 
cut edges of the vessels must be coapted exactly to avoid the throm- 
bogenic effect of media or adventitia exposed to the blood stream. Sutures 
are placed through the full thickness of the vessel wall, and each suture 
causes damage to a significant percentage of the vessel circumference. 
The goal in spacing is to use as few sutures as possible; a 1 mm artery 
usually requires 8 to 10 interrupted 10.0 nylon sutures. The anastomotic 
site should be checked 30 to 60 minutes after restitution of flow, since 
platelet aggregation and early thrombosis is a sign of a technically 
inadequate repair that must be resected and redone. 

Orver oF Repair. In the operating room, meticulous debridement is 
done under the microscope. Radical vessel resection is done, with plans 


Figure 8. The interposition vein graft following restoration of blood flow. 
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to use vein grafts to bridge any resultant gaps. The amputated part is 
stabilized by skeletal fixation with crossed K-wires, interosseous wiring, 
or small plates with screws. The order of repair is extensor tendon, dorsal 
veins (preferably two veins for each artery repaired), dorsal skin, prefera- 
bly two digital arteries, flexor tendons, digital nerves, and finally closure 
of the volar skin. Accurate microscopic nerve repair is very important 
since most of the worthwhile function of the surviving digits will depend 
on their sensibility. Electrophysiologic studies that evaluate the rate of 
reinnervation of free nerve grafts show that precise technique is impor- 
tant to functional recovery after nerve injury.” Exact alignment of 
groups of fascicles within a nerve using 9.0 sutures and magnification 
has become the technique of choice. 

In general, the extensor and flexor tendons are repaired primarily 
using atraumatic technique, although Silastic spacer rods may be placed 
primarily under certain circumstances. The hand surgeon must judge 
whether all or selected flexor tendons should be repaired based on the 
digit involved and the level of injury. 

ANTICOAGULATION. Since even the best of microvascular anastomoses 
causes deformation of the vessel, introduces foreign material, and leaves 
intimal gaps, an antiplatelet and anticoagulant regimen is indicated. An 
aspirin suppository is given preoperatively and continued orally for three 
weeks postoperatively (1 gm daily) to reduce platelet adhesiveness. Low 
molecular weight Dextran (500 ml daily) is given immediately after 
operation and on the second and third days to reduce sludging and 
thereby reduce viscosity and improve tissue perfusion. Heparin by con- 
tinuous intravenous infusion is begun immediately after the first anas- 
tomosis and continued for seven days, monitored by the partial thrombo- 
plastin time. Cigarette smoking is prohibited. 

PosTopERATIVE MANAGEMENT. An uncomplicated replant requires min- 
imal postoperative care. If arterial or venous insufficiency develops, early 
reoperation has a good chance of success. Close observation of the 
vascular status of the part is necessary for several days, and monitoring 
with a Doppler probe, plethysmography, or thermography may be helpful. 
Antibiotics and heparin are continued for one week, at which time the 
patient is discharged from the hospital. Physical therapy and active 
motion of the digit are begun at three to four weeks after surgery. 


Results 


A replantation attempt cannot be considered successful until several 
months have elapsed after surgery. Vascular complications manifest 
themselves in the early postoperative period, and viability is assured if 
the replanted part survives for two weeks. However, skeletal and tendon 
deficiencies and ultimately sensory limitations may create a useless part 
that is a surgical failure. 

Skeletal complications include bony nonunion or malunion, with an 
angular or rotatory deformity that will require secondary bone grafting or 
osteotomy. Neural limitations are directly related to the level of initial 
injury and to the adequacy of the surgical repair. Protective sensation and 
variable two-point discrimination are obtained in almost all replants with 
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a technically accurate neurorrhaphy, and normal 3 to 4 mm two-point 
discrimination is possible with distal digital replantation. Recovery of 
motor function is contingent upon vigorous supervised rehabilitation of 
the repaired tendons. It is at this juncture that justification for the 
rigorous preoperative selection criteria becomes obvious. The patient’s 
ability and motivation to rehabilitate the part are as important as flawless 
intraoperative tendon repairs. Tenolysis, flexor tendon grafting, cap- 
sulotomy of the proximal interphalangeal joint, or tenodesis may be 
necessary. The final range of motion is restricted in almost every re- 
planted digit and all replanted hands, but a part with less than perfect 
function will be very valuable to the patient if preoperative selection 
criteria were observed. Compared with a thumbless hand, the value ofa 
thumb with a disappointing individual range of motion is unquestion- 
able. 


FREE TISSUE TRANSFER BY MICROVASCULAR ANASTOMOSIS 
FOR HAND RECONSTRUCTION 


A hand that has sustained extensive skin and soft tissue loss follow- 
ing trauma, burns, excision of contractures, or tumor resection requires a 
flap composed of skin and subcutaneous tissue for wound closure and 
coverage of exposed vital structures such as bone, tendons, or nerves. 
Prior to 1973 a distant pedicle flap transfer involved multiple staged 
operative procedures and several weeks of awkward immobilization 
before division of the attached groin or cross-arm pedicle. Microvascular 
free flap transfer is an alternative to these conventional pedicle flap 
methods and involves the transfer in a single operation of a segment of 
skin and subcutaneous tissue, nourished by a single artery and vein, to 
distant recipient vessels by microvascular anastomoses. The free flap 
obviates the need for staged procedures and fixation of the surgical site to 
the donor area, thus permitting early motion to prevent hand stiffness. 
The free flap is flexible in size and shape, can be taken from inconspicu- 
ous areas where the donor site is easily concealed, and brings with it 
abundant blood supply for an irradiated or chronically fibrosed recipient 
bed. 

The disadvantage of free flap transfer is that it is technically unfor- 
giving. The surgeon must be experienced in microvascular anastomoses 
since thrombosis of the vessels produces necrosis of the entire flap. The 
surgeon must also have detailed knowledge of the vascular anatomy and 
microcirculation of the donor site to ensure proper design of a flap that is 
an independent vascular territory served by a single artery and vein. The 
only absolute contraindication to free flap transfer is inadequacy of the 
recipient vessels. 


Types of Free Tissue Transfers 


The free groin flap first was described in 1973 by Daniel and Taylor’ 
as iliofemoral cutaneous region that could be converted safely to an island 
of skin and subcutaneous tissue nourished by the superficial inferior 


1116 Mary H. McGraTH 


epigastric artery and drained by the superficial inferior epigastric vein. 
Variations in the design of the groin flap were described subsequently, as 
the vascular autonomy of cutaneous territories supplied by the superficial 
circumflex iliac artery'* and deep circumflex iliac artery’? were estab- 
lished. These axial vessels range from 1 to 2 mm in diameter and can be 
anastomosed to the radial, ulnar, or common digital artery and a cutane- 
ous vein for resurfacing of the hand. The advantages offered by the free 
groin flap over the conventional and widely used pedicle groin flap for 
hand reconstruction are single-stage skin coverage and earlier initiation 
of physiotherapy. However, it suffers from the same limitations of 
bulkiness, especially in the obese patient, and lack of sensation. 

The latissimus dorsi myocutaneous free flap is an alternative to the 
groin flap and provides easier dissection, longer vascular pedicle, and 
larger vessels. Supplied by the thoracodorsal vessels, the latissimus dorsi 
muscle and its overlying skin provides excellent cover for the hand but 
has the same disadvantages of bulkiness and insensibility. 


Neurovascular Free Flaps 


Effective function of the hand requires not only protective sensation 
but adequate two-point discrimination for interpretation of sensory in- 
formation. Recognizing the need to provide sensation when reconstruct- 
ing the hand, Daniel et al.* in 1976 described the neurovascular free flap. 
This combines the immediate provision of good cover by microvascular 
anastomosis with the restoration of sensation by grafting the sensory 
nerve of the free flap to a recipient sensory nerve. 

Dorsa.is Pepis Free Fiap. A dorsal foot flap supplied by the dorsalis 
pedis artery and drained by the greater saphenous vein was described in 
1975 by McCraw and Furlow.'* Sensation to the flap is provided by the 
superficial branch of the peroneal nerve (Fig. 9). When this is sutured toa 
recipient nerve in the hand, it provides gross sensation and nerve 
trophicity for the flap. The dorsal foot flap has the advantages of a long 
neurovascular stalk with a relatively large artery of 2 mm, a surface area 
up to 12 by 14 cm, and less bulk than other free flaps since there is little 
subcutaneous tissue. The disadvantages include a difficult dissection to 
elevate the intact flap from the dorsum of the foot, late problems with 
abrasion and breakdown of the skin graft that must be used to resurface 
the donor site on the foot, and the inferior quality of the discriminatory 
sensibility of the dorsum of the foot which ranges from 15 to 40 mm." 

FREE FLAP FROMTHE First WEB SPACE OF THE Foot. The neurovascular free 
flap with the greatest potential for restoring sensation to the hand is a flap 
from the first web region of the foot. Identified in 1977 by May et al.'* and 
Morrison et al.,'® the stellate-shaped flap can measure up to 12 by 8 cm 
and has a texture identical to that of hand skin. It is nourished by the first 
dorsal metatarsal artery arising from the dorsalis pedis artery and drained 
by dorsal and plantar veins entering the greater saphenous vein (Fig. 10). 
The deep peroneal nerves and plantar digital nerves provide an average 
two-point discrimination of 11 mm. Elevation of the flap is not difficult 
technically and the skin grafts used to close the donor site heal with no 
functional or cosmetic disability. While this is the most reliable free flap 
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Figure 9 Figure 10 


Figure 9. The dorsalis pedis neurovascular flap. GSV, greater saphenous vein; DPA, 
dorsalis pedis artery; SPN, superficial peroneal nerve. 


Figure 10. The first web space neurovascular flap. DPA, dorsalis pedis artery; DPN, deep 
peroneal nerve; GSV, greater saphenous vein. 


available to reinnervate the hand, the quality of the sensibility it confers 
does not approach the 3 to 4 mm discrimination of the normal hand. Thus 
the first web space free flap must be reserved for the damaged hand with 
no alternative local skin or neurovascular island flap. 


Free Toe to Hand Transfer 


The first successful clinical large toe transfer with microvascular 
anastomoses to replace an amputated thumb was done by Cobbett in 
1968.! The transfer procedure is similar to that of replantation of an 
amputated digit. Structures identified in the foot are the first metatarsal 
artery, the dorsal venous drainage, the medial and lateral digital nerves to 
the toe, the extensor tendon, and the flexor tendon. The hallux is 
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transected at the base of the proximal phalanx, and loss of the toe at this 
level produces minimal gait disturbance.’ 

With increasing microsurgical experience the free toe to thumb 
transfer is becoming the preferred alternative to thumb reconstruction by 
index pollicization since the great toe may be more dispensable than the 
index finger and has a more thumb-like appearance. Transfer of the 
second toe to replace a finger is indicated when multiple digits are absent 
and it can be placed on the second or third ray to provide pinch with the 
thumb. 

Functional recovery of toe to hand transplants is largely related to the 
degree of impairment of the other digits of the hand. When the damaged 
hand has no alternative to use of the transplanted part, a very effective 
performance can be expected even though the restored sensation does 
not approach that of a normal hand. 


IN THE FUTURE 


The rapid development of reconstructive microsurgery is a reflection 
of its value in clinical hand surgery. Replantation and transplantation 
techniques are a response to complex hand problems and are still 
evolving with clinical and laboratory experience and imaginative surgical 
applications. Results in replantation surgery will improve with precise 
selection criteria, technical refinements, and definition of the best tech- 
niques of bone, tendon, and nerve repair based on evaluation of clinical 
series. The laboratory will yield a better understanding of the mi- 
crocirculation and its pharmacologic control, and of nerve physiology. 
The scope of free tissue transfer has already expanded to include mi- 
crovascular free bone grafts and free muscle transplants, and the poten- 
tial of free flaps in the reconstruction of congenital hand deformity has 
barely been tapped. The future may also hold the reality of allotransplan- 
tation of small parts for reconstruction of presently irreparable hand 
deformities. 
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Symposium on Complex Surgical Problems 


Diagnosis and Management of 
Fractures in the Multiply Injured Patient 


Terry R. Light, M.D.,* Joseph C. Wu, M.D.,+ and 
John A. Ogden, M.D. 


Improved techniques of initial resuscitation, coupled with improved 
management of physiologic derangement during the early hours follow- 
ing injury, represent major strides in survival of multiply traumatized 
patients. In addition, development of regional trauma centers with 
telecommunication and better training of emergency medical techni- 
cians have allowed more rapid, appropriate triage of patients to facilities 
well versed in the management of multiple trauma. As these patients are 
surviving in increasing numbers, concern with the quality of their 
survival also increases. Multiply traumatized patients with abdominal, 
urologic, or chest trauma more frequently survive life-threatening in- 
juries, with very limited residual impairment from these specific prob- 
lems. In sharp contrast their orthopedic injuries may require a prolonged 
period of healing and rehabilitation and result in significant residual 
disability if inappropriately or inadequately managed during the early 
phases of diagnosis and overall treatment. 

The diagnosis of further injuries, especially minor skeletal trauma or 
complications, may be obscured by concomitant nonskeletal injuries. If 
one too rapidly ascribes systemic manifestations (such as hypotension) to 
blood loss from the fracture site, the prompt recognition of more acute 
problems of intra-abdominal or intrathoracic injury may be delayed. The 
need for a rational ordering of priorities is essential if ultimate musculo- 
skeletal function is to be maximized in surviving victims of multiple 
trauma. 
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PREMORBID FACTORS 


Premorbid personality factors often have a significant relationship to 
the genesis of the traumatic episode and always are critical to post-injury 
rehabilitation. In many “accident” situations emotional turmoil, alcohol 
or drugs may play a significant role in either causing the accident or 
impairing the individual’s ability to respond to a life-threatening situa- 
tion. The presence of either alcohol or drug intoxication at the time of 
injury has been demonstrated to obscure the diagnosis of injuries, 
particularly relatively occult fractures.‘ If the patient is already undergo- 
ing drug treatment for a psychiatric disorder, this fact may be of critical 
importance to his or her pharmacologic management during the first 
hours after the accident. Drug or alcohol abuse also may be a significant 
problem in more chronic management. The patient may tolerate traction 
treatment poorly. Demands for pain medication may be inappropriate. 
Delirium tremens may disrupt reductions, even when internal fixation is 
used. 


MECHANISM OF INJURY 


A brief reconstruction of the mechanism of injury may prove helpful 
in anticipating associated injuries and potential complications. Certain 
fracture patterns are commonly seen with specific modes of injury. For 
example, a patient who falls from a height and lands on the feet will 
frequently demonstrate fractures that may involve the os calcis, tibial 
plateau, acetabulum, and lumbar spine. Each of these areas should be 
carefully evaluated, since severe pain in the lower extremity from a 
calcaneal or tibial fracture may mask symptoms of a vertebral compres- 
sion fracture. 

The dashboard of an automobile provides a fixed point of axial impact 
loading on the femoral shaft.'’ If the hip is adducted, fracture, fracture- 
dislocation or pure dislocation of the acetabulum and hip may occur, 
whereas in the abducted position central fracture-dislocation of the hip 
associated with high-angle femoral neck fracture and comminution is 
more commonly encountered..Both injury patterns may be associated 
with laceration of the pretibial region, with or without fracture of the 
patella. Drivers may demonstrate a triad of injury patterns with sig- 
nificant trauma to the head, face and/or cervical spine from the 
windshield, the chest from the impact of the steering wheel, and the knee 
and patella region from striking the dashboard.”® Patients wearing only 
lap seat belts may have characteristic intraabdominal injuries and 
thoracolumbar and lumbar fractures. 


INITIAL MANAGEMENT 


Proper sequencing of priorities in the initial management of multiply 
traumatized patients is critical to their survival. No fracture constitutes 
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such an absolute emergency as to preclude adherence to the traditional 
ABC’s of resuscitation. The establishment of an adequate airway con- 
tinues to be of primary importance. However, the possibility of underly- 
ing injury to the cervical spine should be borne in mind. Elaborate or 
forceful manipulation of the cervical spine in an attempt to insert an 
endotracheal tube is unwarranted, especially if satisfactory ventilation 
can be established with an oral airway or mask. A lateral view of the 
cervical spine, which must include the seventh cervical vertebra, should 
be obtained before hyperextension maneuvers are carried out for long- 
term intubation. 

After initial resuscitation, all actually or potentially injured ex- 
tremities should be appropriately splinted and the neurovascular status of 
each area carefully examined and documented. Even if no fracture is 
present, immobilization lessens risk of further soft tissue damage. 

After emergency problems have been dealt with and the patient is 
stabilized, the physician must still be aware that additional injuries, not 
apparent on initial examination, may be present. Early recognition of 
these injuries may be critical to the patient’s survival. Because it is not 
unusual for blood loss to continue secondary to closed fractures, hypoten- 
sion may occur even after stabilization in the emergency room. Pulmo- 
nary contusion may not be apparent on initial physical or radiographic 
examination, but may become evident within a few hours of the injury 
impact. In a similar fashion, subdural or epidural bleeding may evolve 
after an initially lucid interval. Many abdominal problems may be 
camouflaged at the time of initial examination, particularly blunt abdom- 
inal trauma associated with head or spinal cord injury that masks normal 
pain response. 

Thorough preoperative radiographic analysis is essential to intelli- 
gent planning and management. Every obviously or potentially fractured 
area should be examined radiographically, including the adjacent proxi- 
mal and distal joints. Failure to follow this simple precept results in a 
surprisingly high number of missed hip fractures and dislocations, 
particularly in association with femoral shaft fractures." 

Among those orthopedic problems demanding priority treatment are 
spine injuries and dislocations of the hip and knee. It is essential that 
careful radiographs of the cervical spine be obtained in any patient 
complaining of neck pain or demonstrating evidence of neurologic im- 
pairment. An initial lateral view, which must include the entire body of 
C7, should be obtained in any patient in whom there is the slightest 
suspicion of injury.'? This may be accomplished on the stretcher with 
which he or she was transported to the hospital. If the spine appears 
grossly normal, then more extensive views to assess the dens and 
posterior elements may be obtained. 

Because hip dislocations are associated with impairment of the 
vascularity to the femoral head, reasonably prompt reduction of hip 
dislocations is essential. Significant delay in reduction of hip dislocations 
has been associated with an increased incidence of avascular necrosis.!" 
Similarly, since knee dislocations are often associated with major vascu- 
lar injury, prompt reduction of this injury is an essential first step in 
management.'® 
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Blood Loss 


Areas of bleeding should be controlled with application of pressure 
dressings unless major proximal vessels are involved. There is rarely a 
need for ligation of peripheral bleeding vessels in the emergency room. 
This is particularly true in the upper extremity, where injudicious use of 
a hemostat may lead to neural injury or worsen otherwise reparable 
arterial damage. 

It is difficult to estimate the amount of blood loss that a patient has 
sustained merely by examination of the wounds, clothing, or dressings. 
Significant blood loss may occur through a relatively small open fracture. 
When a patient is unattended at the scene of an accident, massive blood 
loss may occur, with little evidence of such when a patient is finally 
brought to the emergency ward. 

Further problems arise with failure to recognize the significant blood 
loss that may accompany closed fractures. The primary cause of death in 
patients with pelvic fractures continues to be massive internal blood loss. 
Sacroiliac fracture or dislocation may be associated with massive ret- 
roperitoneal hematoma. This particular injury has a high association 
with iliac vessel (artery or vein) disruption. With closed injuries, bleeding 
occurs into soft tissues, and swelling and ecchymosis may not be evident 
for many hours. 

It is helpful to know the average blood loss associated with each of 
the following fracture patterns. Fractures of the hip are associated with 
blood loss of 1.5 to 2.5 units; the femoral shaft, 1.0 to 2.0 units; the tibia, 
0.5 to 1.5 units; and the pelvis 1.5 to 4.5 units. Fractures of the ankle may 
have 0.5 to 1.5 units’ loss.'* Fractures of the humerus are associated with 
1.0 to 2.0 units’ loss, whereas forearm fractures may lose 0.5 to 1.0 unit, 
and those about the elbow 0.5 to 1.5 units. A quick total of the probable 
and potential blood loss from multiple fracture sites allows one to 
reasonably estimate the initial depletion of the intravascular volume from 
skeletal injury, and to be better able to relate this to volume depletion 
from injury to internal organs. 


Open Wounds 


Compound fractures should be recognized as occurring in any situa- 
tion in which a skin disruption, no matter how innocuous, is near a 
fracture site. Actual, direct communication is not necessary. Because 
displacement of the fracture fragments may be substantial at the moment 
of impact, the site of skin laceration often is distant from the fracture site, 
especially if the fracture spontaneously reduces, or the attendant places 
the limb in a traction splint. This should not significantly alter the 
management of these wounds, as a sharp, oblique fracture may well 
penetrate through muscle, skin, and clothing into the pavement or dirt. 
This occurs quickly at the moment of impact and the contaminated bone 
end may be spontaneously reduced back into a well shielded anaerobic 
environment in the midst of the musculature of the extremity. It is 
critical that an injury such as this receive the full measure of care that 
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would be given to wounds in which the fracture site is clearly visible 
through the skin laceration. 

The initial emergency room management of these open wounds 
should be relatively simple and in preparation for more complete care in 
the operating room. The fractured extremity should not be manipulated 
to reduce protruding contaminated bone ends back into the depths of the 
wound. A simple, moist dressing is applied to the wound, in addition to 
the splint. 

Barring any allergies all patients with compound fractures should 
receive tetanus prophylaxis soon after their arrival in the emergency 
room. In addition, coverage with broad spectrum antibiotics, such as 
cephalosporins, should be started at the same time. 

Once the patient’s overall condition is clearly stabilized and injuries 
thoroughly assessed, all compound fractures should be thoroughly de- 
brided and irrigated in the operating room. It is helpful to obtain tissue 
cultures from the wound in the operating room prior to wound debride- 
ment. Adequate debridement requires the excision of the skin margins 
and resection of all devitalized fat and muscle. The ends of involved 
bones should be curetted. Pulsatile jet lavage is extremely helpful in 
delineating viable from nonviable tissue during debridement. It allows 
the surgeon the opportunity to deliver a large quantity of saline irrigation 
(with antibiotic solution) under pressure in a relatively short period of 
time. 

After completion of full debridement the surgeon must decide on the 
details of wound management. In most instances the success and quality 
of soft tissue management will be the primary determinant of the 
ultimate success of fracture care and a good predictor of the extent of 
permanent impairment resulting from the injury. 

Alternatives in coverage include primary closure, secondary closure, 
or delayed primary wound closure.” Primary wound closure, though 
asthetically attractive and convenient, poses substantial risk. Experi- 
ences in the battlefield and civilian disasters such as the Florida 
Everglades plane crash highlight the potential for life- and limb- 
threatening clostridial infections in compound fractures closed primar- 
ily.! Secondary or delayed primary closure is preferable, and in no way 
precludes the appropriate, delayed use of internal fixation devices. Mas- 
sive soft tissue defects may require coverage with either skin grafts, local 
flaps, or free tissue transfer at a later date.* 

Another decision is whether skeletal fixation should be employed. 
External fixation is preferable when there is extensive soft tissue injury. 
Use of internal fixation should be delayed five to seven days to allow 
healing of the wound. Casts or splints may be used temporarily. 

In some extensive injuries, ongoing open wound care may preclude 
the use of cast immobilization and may be equally difficult with tradi- 
tional traction devices. In such circumstances it may be preferable to 
carry out early osseous stabilization with either internal fixation of the 
fracture or with external pin fixation devices such as the Roger Anderson 
apparatus or the Hoffmann fixateur. 
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If amputation of a lower extremity is necessary acutely, an open 
amputation should be performed. One should attempt to preserve 
sufficient osseous length for a below knee prosthesis, if at all possible. 
Circumferential skin traction is helpful in maintaining soft tissue length 
postoperatively. 

Replantation of digits, hands or limbs should not be attempted when 
other life-threatening injuries are present. We do not feel that the 
prolonged operative time required for such ee: is warranted in 
the face of other significant injuries. 


Compartment Syndrome 


Compartment syndromes occur when pressure in a closed muscular 
compartment increases due to local edema. Progressive increase in 
pressure will lead to muscle ischemia, death, and fibrosis, and profound 
long-term morbidity. Compartment syndromes most often occur in asso- 
ciation with long bone fractures, but also may accompany pure soft tissue 
injury. Since it is possible to measure the pressure in compartments, 
trauma surgeons should be familiar with these techniques.'?”! The 
potential for this complication should be borne in mind, particularly in 
the unconscious patient who is unable to complain of pain, a usual 
accompaniment of this disorder. When a compartment syndrome is 
diagnosed, surgical decompression and complete fasciotomy should be 
carried out promptly. 


GOALS 


Fracture management should strive to preserve maximal joint func- 
tion with as close to normal range of motion as possible. Optimal 
management facilitates early osseous union. If possible, early mobiliza- 
tion of the patient from bed is advantageous, as it diminishes in-patient 
morbidity and mortality and leads to decreased hospital time and cost. 
Techniques of fracture management that allow early ambulation and 
preserve muscle strength and endurance are physiologically and psycho- 
logically advantageous. 

Fracture care should be designed to minimize the occurrence of 
sepsis, pulmonary embolus, fat embolus, and decubitus ulcers.'* The 
etiology of sepsis in any patient with a fracture demands complete 
evaluation with appropriate cultures obtained from genitourinary, pul- 
monary, and wound sites. While the etiology of fat embolus is still 
unclear, its association with long bone fractures, particularly fractures of 
the femur, is well documented.’ The pulmonary status of any patient with 
a long bone fracture of a lower extremity should be carefully monitored. 
Preoperative blood gases are often helpful both as a screening test and as 
a baseline for later studies. The incidence of pulmonary embolus and 
thrombophlebitis may be decreased by appropriate use of anticoagulants 
in any patient confiried to bed. The potential benefits of anticoagulants 
must be weighed against increased risk of bleeding from fracture sites, 
particularly during the first few days after injury. The use of water or 
other types of flotation mattresses, frequent turning, and monitoring of 
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the skin condition are an essential part of comprehensive nursing care of 
the patient with fractures. 

Certain general categories of fractures should be identified as priority 
fractures best managed with early internal or external pin fixation. 
Precise reduction of intra-articular fractures is critical to the re- 
establishment of a joint congruity and ultimate optimal function. In an 
open intra-articular fracture, it may be advisable to carry out open 
reduction at the time of initial debridement, if secure fixation may be 
achieved without extensive additional dissection. If extensive further 
dissection or elaborate internal fixation is necessary, then internal fixa- 
tion may be delayed until the time of secondary wound closure. 

Intracranial injury may significantly complicate the management of 
relatively routine fractures. Our neurosurgical colleagues are frequently 
reluctant to subject a patient with a head injury to anesthesia for fracture 
fixation. However, it is difficult to explain to a patient subsequently 
awakening from a significant head injury the all too frequent presence of 
malunion. In addition to the reluctance of managing physicians to allow 
these patients to undergo additional surgery, the spasticity occasioned by 
the head injury also may complicate fracture management. When rigidity 
is severe, it is possible for a closed injury to the femoral shaft to become 
an open injury, even while in traction, as the unrelenting pull of spastic 
muscles forces the sharp edges of an oblique fracture through muscle, 
subcutaneous tissue, and skin. In injuries in which spasticity is creating 
unmanageable angular deformity or pronounced shortening, rigid fixa- 
tion is indicated. In our hands, intramedullary fixation of femoral shaft 
fractures and either Hoffmann frame or pins and plaster for tibial 
fractures have significantly decreased problems with these fractures in 
the presence of major head injury and spasticity. 

When bilateral femoral and/or tibial fractures occur in association 
with abdominal trauma, initial postoperative management by bilateral 
Thomas splints with Pierson attachments may prove unwieldy. Nursing 
care may be difficult with such a rig. Transferring the patient in and out 
of bed for additional surgical procedures becomes a major undertaking. 
In such instances it may be valuable to initially apply bilateral long leg 
casts, incorporating tibial pins into the plaster cast.'® As other injuries 
resolve, the proximal portion of the cast may be removed and more 
traditional forms of traction established. 

The morbidity of pelvic fractures is often underestimated in patients 
with multiple trauma. Massive bleeding may be associated with pelvic 
fractures, usually as a result of associated vascular injury. Traditional 
conservative treatment of pelvic fractures with a simple sling usually 
requires an extended period of recumbency, particularly when major 
disruption is present. Widely displaced fractures, particularly those asso- 
ciated with sacroiliac disruptions, may render the closure of abdominal 
wounds difficult, if not impossible, when abdominal laparotomy is neces- 
sary. Recently developed systems of external pin fixation offer significant 
promise in the management of these combined injuries. Pins may be 
positioned in the ilium at the time of abdominal exploration. This allows 
precise pin placement. When the external frame is attached and pelvic 
distortion reduced, abdominal wound closure is facilitated. 
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Grossly contaminated open fractures of the upper extremity may 
preclude the early use of internal fixation. Skeletal alignment and length 
may be maintained by either pin traction, pins and plaster, or pins 
incorporated into an external fixateur frame. The latter technique may be 
particularly useful when fractures are associated with burns or extensive 
soft tissue loss. When multiple fractures involve the forearm, wrist, and 
hand, transverse pins through the index and middle metacarpals and 
through the olecranon may be used to maintain length and alignment. 

Hip fractures are best managed with internal fixation. In femoral 
neck fractures it is preferable to carry out fixation as soon after injury as 
possible to minimize the occurrence of avascular necrosis. Nail-plate and 
screw-plate combinations or multiple screws have been successfully 
used to manage hip fractures in association with a lateral exposure of the 
proximal femoral shaft. Fixation may also be achieved by single or 
multiple intramedullary rods inserted retrograde from the level of the 
distal femoral condyles and passed closed proximally across the fracture 
site. These devices (such as Enders rods) provide ideal fixation for many 
segmental injuries in which fracture of the femur has occurred in the hip 
region as well as through the diaphysis. 

The development and improvement of image intensifiers, fracture 
tables, and instrumentation have increased the ease with which closed 
femoral shaft rodding can now be accomplished. A delay of five to seven 
days from injury to closed rodding allows soft tissues to relax in tempo- 
rary skeletal traction and greatly increases the ease of closed reduction. 

Ambulatory techniques of fracture bracing have wide application in 
the management of lower extremity fractures. Cast bracing depends 
upon the cyclic loading of full weight bearing to achieve predictable, 
prompt union in isolated fractures of the tibia or femur. Weight bearing is 
allowed on tibial fractures whose angulation in anteroposterior and 
lateral planes is less than five degrees. The leg is immobilized initially in 
a straight knee long leg cast*’ and later in a patella tendon bearing cast or 
fracture brace. Fracture bracing of the femur may require intermittent 
skeletal traction to prevent malunion from varus angulation.*® 

When a patient is multiply injured, weight bearing techniques may 
be impossible for a number of weeks after injury. Therefore, it may be 
appropriate to consider early internal fixation in complex fractures of the 
lower extremity when early ambulation is not envisioned. If early secure 
internal fixation is achieved in periarticular, segmental, or combined 
tibial and femoral fractures, then joint mobilization and muscle activity 
may be re-established while the patient is still recumbent. 


VASCULAR INJURY 


Disastrous vascular injury may accompany closed or open fracture or 
dislocation of an extremity. Careful delineation of distal color, pulses, and 
refill is required, in addition to a high degree of suspicion in certain 
specific situations. Early arteriography and prompt vascular repair are 
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essential in these combined injuries.'* The trifurcation of the popliteal 
artery is particularly vulnerable to injury in association with knee dislo- 
cations or proximal tibial fractures. Marginal collateral flow may be 
sufficient to generate a distal pulse, but insufficient to support the 
extremity during functional demands. Because axillary artery rupture 
has been reported after attempted reduction of long-standing shoulder 
dislocations, one should establish the duration of dislocation before 
attempting shoulder manipulation. It is essential to monitor brachial 
artery function in supracondylar fractures of the humerus before, during, 
and following manipulative reduction. 

When vascular repair is required adjacent to a fracture or dislocation 
site, one must consider the pros and cons of simultaneous internal 
fixation. If secure fixation can be achieved with minimal additional 
dissection and without adding excessive ischemic time to the extremity, 
then postoperative care may be simplified. However, if extensive ad- 
ditional dissection is required, as with major ligamentous disruptions of 
the knee, then orthopedic repair should be delayed. 


FLOATING JOINTS 


In instances in which fractures of the femur and ipsilateral tibia are 
present, secure fixation of at least one of the two fracture sites is essential 
if satisfactory knee motion is to be regained. With ipsilateral fractures 
virtually all forms of traction or cast bracing result in false motion at 
either or both fracture sites. When solid union of one of the fracture sites 
finally occurs, it is extremely difficult to regain true knee motion. In 
contrast, when early fixation is obtained with a combination of fixation 
such as intramedullary rodding of the femur and external fixateur 
stabilization of the tibia, early true knee motion is more apt to be 
regained. Intramedullary fixation of the femoral fracture may allow 
ambulatory treatment of the associated tibial fracture with satisfactory 
ultimate tibial union and knee motion. 

When multiple fractures occur in the upper extremity in association 
with injuries of the lower extremity, provision may have to be made for 
altered weight bearing through platform crutches or modified walkers. 


SPINAL INJURY 


Spinal injury may complicate the diagnosis and management of 
concurrent extremity fracture. When neurologic impairment is present, 
particular care must be exercised in searching for fractures. In some 
instances of combined injury with sensory loss, internal fixation may be 
preferable to cast immobilization or prolonged recumbency in traction. 
The management of spinal injuries is discussed elsewhere in this sym- 
posium.,'* 
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SUMMARY 


Careful and frequent examination of the patient is critical to the 
success of treating the multiply injured patient. Many “occult” fractures 
are often missed initially because attention is focused on major, life- 
threatening injuries. 

It is essential that the various specialists treating the multiply 
injured patient communicate effectively among one another regarding 
priorities and proposed therapies. If one service anticipates operative 
management of a specific injury, it may be coordinated with orthopedic 
needs, fracture fixation, or reduction being carried out simultaneously. 

No patient should have orthopedic problems managed by benign 
neglect, even if the probability of survival is low. Many tragically injured 
patients do not survive the initial hours following an accident because of 
massive abdominal or intrathoracic injury. However, orthopedic man- 
agement in all patients should be based on the assumption that the 
individual will survive. Maximum functional recovery should be ex- 
pected in those who do survive, and thus necessitates careful planning of 
fracture treatment acutely and chronically. 
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Symposium on Complex Surgical Problems 


Acute Respiratory Failure 


Graeme L. Hammond, M.D.* 


The lung is an organ composed almost entirely of epithelial cells, or, 
to be more precise, the epithelium and its vascular component, the 
endothelium. These wafer-like cells, held in place simply by a common 
basement membrane, abutting only on their sides and sometimes their 
backs, form the capillary-alveolar network of the lung. The relationship of 
this network is sustained by a fine meshwork of collagen fibrils which, 
even to the electron microscope, is almost invisible. The lung, lacking 
any solid structural support from either parenchymal or connective tissue 
cells, is frail and web-like, maintaining its shape only by intrapleural 
negative pressure. Yet, it is physiologically powerful. Of all visceral 
organs it has the most intimate contact with our environment and its 
pollution; it alone receives the entire circulating volume and must 
constantly adjust to the vicissitudes of an ever-changing cardiac output. 
Its known function to date, in addition to maintaining oxygenation, 
carbon dioxide removal, and acid base balance, is to regulate arterial 
concentrations of many vasoactive hormones. 

The lung is helped in its job by low arterial pressures, an efficient 
lymphatic drainage system and, under normal circumstances, by low 
mechanical stress forces. But when taxed beyond its endurance the lung 
initiates a deadly set of consequences which, one way or another, affect 
the performance of every other organ. Indeed, seeds of the downward 
slide in a sick surgical patient’s mortality can invariably be traced back to 
the lung. 


Normal Pulmonary Morphology 


The anatomic and physiologic deformations that result in acute 
respiratory failure are directly related to the lung’s morphology. There- 
fore, it is important to comprehend pulmonary ultrastructure before one 
can gain insight into how and why respiratory failure develops and 
understand the rationale for its treatment. 

Cast digestion studies of the alveoli performed 30 years ago showed numerous 


indentations in the alveolar surface giving it the appearance of a golf ball. This 
portrays the way in which capillaries impinge on and protrude into an alveolus. 
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However, it also reflects the inaccuracies associated with positive pressure 
filling.2*”> If the alveoli were spherical, their packing arrangement would require 
many open interstices,» which would reduce the number of alveoli able to occupy 
any given space and require a separate capillary system for each alveolus. This is 
not the case. Each capillary provides gas.exchange for two adjacent alveoli.*' This 
can only be accomplished by polyhedral alveoli, with each facet of one making 
linear contact with another. The space between these facets, the septa, contain the 
capillaries. This arrangement is demonstrated in Figure 1, which is a scanning 
electron photomicrograph of two adjacent alveoli cut through their equator. The 
serpiginous course of one capillary as it weaves through the septa, protruding into 
one alveolus at one point and into an adjacent alveolus at another, can be seen. The 
alveolar lining is composed of Type I pneumatocytes, which cover 97 per cent of its 
surface.® These are large, pancake-like, squamous epithelial cells whose function 
is most likely related to gas transport.”* The remaining 3 per cent is covered by 
Type II pneumatocytes, which are more common but much smaller and are the 
sites of surfactant production. 

When the capillaries are viewed by themselves, as in the scanning electron 
micrograph in Figure 2, one can visualize what gives the lung its great capacity to 
integrate changing blood volumes, airway pressures, and cardiac output. Sur- 
rounded only by alveolar epithelial cells rather than stacked cuboidal cells, the 
pulmonary capillaries have a great capacity for expansion, or recruitment, and 
contraction, or decruitment, without changing vascular resistance. The capil- 
laries, being interconnected, insure sufficient exposure time of red cells to alveoli 
for gas exchange, and plasma to endothelium for hormone binding and 
metabolism. Flow in such large interconnecting capillaries is quite unlike the 
flow in other capillary beds. Instead of linear flow it has been characterized as 
sheet flow. This has been lucidly described by Fung:”? 


“An anatomist may describe each segment of a capillary blood vessel as a 
tube. And, most likely, that is not how a red cell sees it. Let us imagine how the 
vascular bed would appear to a red cell. I am almost sure that the capillary 
blood vessel in the lung would not look like long tunnels to a red cell. They 
would more likely appear to a red cell as an underground parking garage is toa 


Figure 1. Scanning electron 
micrograph of alveoli showing junc- 
tion of alveolar surfaces to form 
septa (**). Capillaries (C) alternate 
sides in the septal midplane. (From 
Weibel, E.R., and Bachofen, H.: 
Structural design of the alveolar sep- 
tum and fluid exchange. In 
Fishman, A.P., and Renkin, E.M. 
(eds.): Pulmonary Edema. American 
Physiological Society, 1979, p. 2, 
with permission.) 
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Figure 2. Scanning electron micrograph of pulmonary capillary network. (Courtesy of 
Hijaya, K., Hyogokenritsu Amagaski Hospital, Amagaski, Japan.) (From Shepro, D.: Nonre- 
spiratory, metabolic functions of pulmonary endothelial cells. In Hechtman, H.B. (ed.): Acute 
Respiratory Failure: Etiology and Management. Boca Raton, Florida, CRC Press, Inc., 1979, p. 
28, with permission.) 


car. To drive through the garage one has to swing right and left to avoid the 
posts. Imagine bumper-to-bumper traffic in such a garage with every car 
moving and no one allowed to use brakes. That might be a fair picture of the 
blood flow in the pulmonary alveolar septa. It is a two dimensional world; 
hence we name it sheet flow.” 


In addition to the capillary and alveolar space the lung is composed of a third 
important space—the interstitial space. The meandering traverse of capillaries 
through the alveolar septa requires that they make epithelial contact with only one 
alveolus at a time. Therefore, at any point in its course only half of the capillary 
wall shares the basement membrane with an alveolar epithelial cell. This is a 
cohesive bond, does not admit fluid and is referred to as the restricted interstitial 
space.*” It is across this space that gas transport primarily occurs. The other half of 
the capillary faces the free interstitial space, that is, the space bordered by the 
separated basement membranes of the endothelium and epithelium. This space 
contains the fine collagen network which holds the lung together. It is an open 
space that easily admits fluid but does not contain lymphatics.*® This space is a 
continuum throughout the entire lung’ and is the site where clinically detectable 
trouble first arises during development of acute respiratory failure. When fluid 
enters the free interstitial space it normally drains to the confluence of alveolar 
septa which contains the lymphatics. This confluence acts as a sump for the 
collection and return of fluid to the systemic circulation.*® An example of this 
architecture is beautifully demonstrated in Weibel’s transmission electron photo- 
micrograph in Figure 3. Note that the portion of the capillary making up the 
restricted interstitial space normally protrudes well into the alveolus. 

In summary, pulmonary capillary positioning permits a tight, dry, narrow 
interface for gas exchange through one half its circumference and an open, 
compliant, well-drained space for fluid exchange through the other. 

The lung is designed both physiologically and anatomically to remain dry; but 
to maintain an extra dry barrier between the capillary and alveolus and a 


ISG GRAEME L. HAMMOND 


Figure 3. Transmission electron 
micrograph of alveolar capillary (C) 
cross-section from human lung. To left 
is the fused basement membrane of 
epithelium (EP) and endothelium (EN) 
forming the restricted interstitial space. 
Connective tissue fibers (CF) are found 
in the free interstitial space (IN) to the 
right of the capillary where the base- 
ment membranes (arrows) are sepa- 
rated. (From Weibel, E.R., and Bacho- 
fen, H.: Structural design of the alveo- 
lar septum and fluid exchange. In 
Fishman, A.P., and Renkin, E.M. 
(eds.): Pulmonary Edema. Baltimore, 
Williams and Wilkins, American Physi- 
ological Society, 1979, p. 4, with per- 
mission. ) 


permeable barrier between the capillary and interstitium requires ‘a special 
arrangement of cellular junctions. Accordingly, capillary endothelial cells are 
sometimes joined by gap junctions whereas alveolar epithelial cells are always 
joined by tight junctions (Fig. 4).°' Tight junctions are also found between 
capillary endothelial cells but do not have nearly the structural integrity of the 
tight junctions in the epithelium.” Therefore, the primary barrier preventing 
either intravascular or interstitial fluid from entering the alveolus is the tight 
junctions of the alveolar epithelium. 


Pulmonary Hemodynamics 


The lung is unusual hemodynamically in that it receives blood under 
low hydrostatic pressure but at the same osmotic pressure as blood 
delivered to other organs. Put in context of the Starling equation which, 
in simple terms, states that the movement of fluid across a vessel wall is 
partially determined by hydrostatic pressure forcing fluid out and osmotic 
pressure holding fluid in, one quickly sees that at a capillary hydrostatic 
pressure of 7 mm Hg* and a colloidal osmotic pressure of -28 mm Hg*® 
all the intravascular forces are clearly in favor of keeping fluid in the 


AcCUrE RESPIRATORY FAILURE 1137 


Figure 4. Transmission electron micrograph showing gap junction between capillary 
endothelial cells, above, and tight junction between Type I pneumatocytes in alveolar 
epithelium, below. Alveolar space (AS) is indicated. (From Schneeberger, E.: Barrier function 
of intercellular junctions in adult and fetal lungs. In Fishman, A.P., and Renkin, E.M. (eds.): 
Pulmonary Edema. Baltimore, Williams and Wilkins, American Physiological Society, 1979, p. 
24, with permission.) 


capillary bed and maintaining a dry interstitial space. Although this is 
certainly one mechanism by which the lung stays dry, it is not quite that 
simple. 

In 1942, Warren and Drinker demonstrated that lymph flows from 
the normal lung” and in 1975 Erdmann”? demonstrated that the concen- 
tration of protein in lung lymph is approximately 75 per cent of that for 
plasma. Since the lymphatics drain fluid entering the interstitial space 
this must mean that the net force of fluid in the capillary is directed 
toward outward movement and that the capillaries, even under normal 
circumstances, have a fairly substantial leak for protein. Erdmann’s 
finding has been difficult to explain in terms of current concepts of 
circulatory physiology and has provoked a reexamination of capillary flow 
and the role of the vascular endothelium in transcapillary fluid migration. 
With evidence in hand of the concentration of protein in the interstitial 
space it is possible to calculate the remainder of the Starling equation, 
which deals with extravascular forces, and determine that, under normal 
conditions, there is a net force of 0.3 mm Hg driving capillary fluid into 
the interstitium.*” 

It has been repeatedly shown that when pulmonary microvascular 
pressure is increased by inflating a balloon in the left atrium of experi- 
mental animals, the volume of thoracic duct flow also increases.‘ 
However, as hydrostatic pressure increases, more crystalloid than protein 
moves across the capillary wall. This shift in the ratio of crystalloid to 
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protein results in decreasing interstitial osmotic pressure and acts as a 
negative feedback mechanism reducing the force that drives fluid out of 
the capillary,'! and enhances fluid movement back into the capillary once 
the elevated hydrostatic pressure is removed. 

Since pulmonary hydrostatic pressure is not high enough to drive 
macromolecules across the endothelial barrier by Starling forces, it is a 
matter of intense study and conjecture as to just how macromolecules 
leave the vascular space. Mechanisms that have been proposed are 
transport through gap junctions, through capillary pores, or by active 
pinocytotic transport through endothelial cells.***° 

The hemodynamic physiology of the lung is designed to maintain 
constant irrigation of the interstitial space, which is absolutely essential 
for an organ that has such intimate contact with the environment. Only 
one layer of extremely thin epithelial cells and a delicate basement 
membrane separate bacteria, fungi, viruses, and inorganic particulate 
matter from the lung’s interstitium. This is much less of a barrier than 
that provided by the skin. If, for any reason, the alveolar epithelium 
should be penetrated then an efficient mechanism must be in place to 
quickly remove the danger. This is provided by the unique capillary 
physiology of the lung. 


Pulmonary Metabolic Function 


Although the scope of this article is not to review the complexities of 
vasoactive hormone binding and degradation by the lung, it is such an 
important aspect of pulmonary function that it must be covered in any 
review that has, as its end point, the management of acute pulmonary 
failure. In the future, this aspect of pulmonary physiology will gain 
importance and will serve as a primary indicator of actual or impending 
pulmonary failure. 

The lung, being situated between the arterial and venous circula- 
tions, is the only organ that, at one pass, can influence the systemic 
concentration of hormones secreted into venous blood before they reach 
other organs. This is necessary because many hormones such as bradyki- 
nin and 5-hydroxytryptamine are secreted locally and act locally; accord- 
ingly, some mechanism must exist for their clearance from venous blood 
or they would be able to act systemically. 

The ability of the lung to bind or metabolize compounds is very 
specific. For example, epinephrine and prostaglandin A, pass through the 
lung without loss,”*** whereas norepinephrine and prostaglandin E, are 
metabolized extensively.”’” It is thought by Strum and Junod* and by 
Gillis* from our group at Yale that much of this metabolic function is 
carried out by the endothelial cells. These cells are sensitive and quickly 
reflect any disturbance in pulmonary physiology. For example, studies 
carried out by our group show that, in human lung, metabolic activity is 
grossly altered by pulmonary hypertension®' and cardiopulmonary 
bypass.”* i 

A sound appreciation for the metabolic activity of the lung is impor- 
tant for clinicians for the following reason. The pulmonary endothelium 
is the target tissue in the development of acute respiratory failure.** When 
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the endothelium is damaged it is likely that it will not be able to perform 
its hormone regulating activity properly. Therefore, systemic concentra- 
tions of hormones normally removed by the lung will increase. Even 
though the gas exchange properties of the lung may be sustained with a 
respirator, the constantly increasing systemic levels of vasoactive sub- 
stances may contribute to the syndrome described as multiple systems 
failure.’ This is classically demonstrated in patients who have under- 
gone prolonged cardiopulmonary bypass procedures. 

Most cardiac surgeons recognize that the longer a patient is on 
cardiopulmonary bypass, the greater will be the difficulty in coming off 
bypass and the more complex will be the postoperative management. 
Although during bypass, blood pressure and flow are usually adequate, 
the pH is usually within normal limits, and oxygenation and CO, removal 
are usually excellent, a syndrome insidiously begins to develop. In the 
most serious cases, the syndrome presents postoperatively as generalized 
organ deterioration with progressive acidosis, deteriorating blood gases, 
falling urine output, mental obtundation, twitching, rising bilirubin 
level, and gastrointestinal tract bleeding. Although some of these prob- 
lems can be explained by cardiac disease, air and particulate matter 
emboli, hemorrhagic disorders, and the possible effects of nonpulsatile 
flow,*' and so on, many cannot. What is most perplexing is that the 
cardiac output, as determined by Swan Ganz thermodilution mea- 
surements, often is normal or elevated, whereas organ function behaves 
as if a state of low cardiac output exists. Why this occurs is poorly 
understood but may be related to removal of the pulmonary vasculature 
from the circulation during the period of cardiopulmonary bypass. This 
same scenario has been observed by all experienced clinicians, in pa- 
tients without cardiopulmonary bypass but with prolonged hypotension, 
systemic sepsis, multiple trauma, and so on. 

Working in our laboratory, Pitt demonstrated, by putting a dog on 
cardiopulmonary bypass, that as soon as the lungs were removed from the 
circulation, the endogenous circulating levels of norepinephrine and 
prostaglandins of the E and F series increased.***’ That removing the 
lungs was responsible for these increases was proved, at least for the 
prostaglandins, by the fact that arterial concentrations remained un- 
changed during left heart bypass (that is, with the lung remaining in 
the circulation). The elevation of norepinephrine during left heart bypass 
was probably attributable to sympathetic response. The critical aspect of 
Pitt’s observations are that within 30 minutes of removing a dog from two 
hours of cardiopulmonary bypass, levels of norepinephrine and prosta- 
glandins returned to baseline (Fig. 5). However, even after three hours of 
recovery following four hours of total cardiopulmonary bypass, the cir- 
culating levels of these compounds remained elevated. It has been 
documented by electron microscopy that following cardiopulmonary 
bypass, there is generalized cytoplasmic swelling of the capillary en- 
dothelial structures and that the extent of these changes coincide directly 
with the length of cardiopulmonary bypass. ' 

It is tempting to speculate that decreased pulmonary uptake of 
normally occurring, vasoactive hormones may account in part for the 
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ventilation-perfusion defects that are sometimes seen following cardiac 
surgery. Of even greater significance is the possibility that the unex- 
plained systemic problems that occasionally follow cardiopulmonary 
bypass, or that are seen in patients with severe respiratory failure, may 
result from direct entry into the arterial circulation of systemically 
produced substances that normally would have been removed by the 
lungs. 
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Pathophysiology 


There are two types of pulmonary edema. The first, hydrostatic 
edema, is produced by simple elevation of pulmonary microvascular 
pressure and is seen in basically healthy patients who have been fluid 
overloaded or in cardiac patients with transiently decompensated mitral 
valve disease or left ventricular failure. The edema is usually interstitial, 
although if microvascular pressure is grossly elevated, the tight junc- 
tions of alveoli can be overcome resulting in alveolar flooding. It is 
produced by an alteration in Starling forces only and, specifically, is not 
associated with cellular damage. As described previously, when the 
volume of edema fluid increases, its osmotic pressure decreases, thus 
setting in motion the forces necessary to reabsorb the fluid back into the 
vascular space. Hydrostatic edema is most often detected clinically by 
tachypnea and fine basilar crepitations. Even if the edema is gross 
enough to be seen on chest x-ray films, blood gases are often unaf- 
fected.'*!® This type of edema is usually easily and quickly reversed with 
diuretics. 

The second type, permeability edema, is quite different. It goes by 
many names, such as acute respiratory failure, acute pulmonary insuf- 
ficiency, adult respiratory distress syndrome, pump lung, and shock lung. 
In this type of edema, there is cellular damage. It is difficult to say which 
events occur first in the lung. Naturally, ifa specific site, for example, the 
alveolus, first comes in contact with a known etiologic agent such as 
gastric contents or noxious fumes, the epithelium will be the first 
structure to show pathologic changes. However, these will be followed 
quickly by changes in other structures so that, regardless of etiology, a 
uniform pathologic picture results.2 Many substances have been pro- 


Figure 6. Transmission elec- 
tron micrograph of human pulmo- 
nary endothelial cell edema. Two 
endothelial cells can be seen: A gray 
normal one (EN) on the right and a 
markedly swollen, clear one (E) on 
the left. Numerous pinocytotic ves- 
icles (PV) are present in the normal 
cell and very few in the injured cell; 
the latter shows a cytoplasmic tear 
at the upper center (arrow) from 
which the extravasated red blood 
cell (RBC) may have escaped. 
Edematous endothelial cell demon- 
strates a remaining viable mito- 
chondria (M). (From Teplitz, C.: 
Pulmonary cellular and interstitial 
edema. In Fishman, A.P., and Ren- 
kin, E.M.: Pulmonary Edema. Bal- 
timore, Williams and Wilkins, Amer- 
ican Physiological Society, 1979, p. 
102, with permission.) 
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posed as causative agents for acute respiratory failure, including leuko- 
cyte aggregates,” complement,'* kinases,* lysosomes,’ histamine,” and 
microemboli;? however, the mechanisms of pulmonary injury remain a 
mystery. What can be said for certain is that, in addition to aspiration and 
inhalation injuries, acute respiratory failure may be associated with or 
caused by cardiopulmonary bypass, shock, prolonged surgical proce- 
dures, multiple trauma, burns, head injuries, sepsis, and acute abdomi- 
nal processes. 

The resulting pulmonary pathologic findings are consistent. En- 
dothelial cell swelling probably occurs first (Fig. 6). As the cell swells, 
pinocytotic activity almost totally disappears and deep clefts and tears 
develop in the plasma membrane. Voluminous exudation of fluid into the 
interstitial space probably occurs second. This is not the ordinary product 
of normal transudation. It is well recognized that the quality of lymph 
drainage from the thoracic duct of experimental animals exposed to 
circulating E. coli,!! Pseudomonas aeruginosa," or high levels of his- 
tamine” is different from that of the lymph collected during hydrostatic 
pulmonary edema. The damaged endothelium becomes much more 
permeable to protein, showing little restraint to transcapillary movement 
of proteins with molecular radii up to 100 A.'! As the osmotic pressure of 
edema fluid approaches that of plasma, the combination of microcapillary 
hydrostatic pressure and high interstitial osmotic pressure serves as a 
maximum driving force to exacerbate the situation. This is what makes 
permeability edema so difficult to treat. 

Why plasma proteins leave the vascular space in such great abun- 
dance when the endothelium is damaged is not well understood. How- 


Figure 7. Electron photomi- 
crograph of human interstitial 
edema with cellular injury (E). Free 
interstitial space (arrow) is markedly 
swollen. By my interpretation, dis- 
section is occurring into the re- 
stricted interstitial space that forms 
the blood air barrier (BMB). Type I 
epithelial cell (E,E) is normal, but 
Type II epithelial cell (Ep,E) shows 
degenerative features with swollen 
mitochondria (M) and degranulating 
rough endoplasmic reticulum 
(RER). Endothelial cell damage is 
localized to only one cell and showsa 
normal endothelial cell (EN). Inter- 
stitial fibrocyte (F) anchors the 
epithelial basement membranes (ar- 
rowheads). J and J’ are endothelial 
and epithelial junctions. (From Tep- 
litz, C.: Pulmonary cellular and in- 
terstitial edema. In Fishman, A.P., 
and Renkin, E.M.: Pulmonary 
Edema. Baltimore, Williams and 
Wilkins, American Physiological So- 
ciety, 1979, p. 103, with permis- 
sion.) 
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ever, as pointed out by Teplitz,*’ the red blood cell in the interstitial space 
(see Fig. 6) may have exited the capillary through an endothelial lacera- 
tion. It is likely that, in addition to plasma membrane tearing, the 
endothelial junctions are also deformed by cell swelling.®® The observa- 
tions of Fishman*! and Schneeberger and Karnovsky on stretched 
endothelial cell pores in hemodynamic edema reinforce this point. 

The accumulation of a tenacious, protein rich fluid in the in- 
terstitium has devastating consequences. This fluid does not drain well 
via the lymphatics and consequently collects in, and expands, the inter- 
stitial space. Figure 7 is an electron photomicrograph from a patient who 
died four days following a thermal cutaneous injury. Note the collection 
of edema fluid in the free interstitial space and how it has dissected into 
the restricted interstitial space separating the capillary from the alveolus. 
In contrast to the normal capillary-alveolar relationship in which a large 
portion of the capillary circumference is exposed to the alveolus (see Fig. 
3), in permeability edema only a small area may be exposed. If a sufficient 
number of capillary alveolar junctions are deformed, the restriction on 
gas exchange would quickly lead to death. 


Definition and Diagnosis of Acute Respiratory Failure 


The current absence of specific biochemical reflections of respiratory 
failure necessitates our using a definition of the syndrome which relies 
primarily on clinical observations. Unfortunately, an accurate clinical 
description is frequently complicated by the fact that this syndrome may 
develop while the patient is being mechanically ventilated, thus negating 
such meaningful descriptors as intrinsic respiratory rate, tidal volume 
and blood gases. Nevertheless, a workable definition can be formed by 
combining various aspects of pulmonary function which may have 
deviated from normal during the patient’s illness. Acute respiratory 
failure is broadly characterized by decreased lung volume, decreased 
pulmonary compliance, increased work of respiration, and increased 
pulmonary extravascular fluid as noted on chest x-ray films. Each 
contributes to the production of hypoxemia and hypocarbia. This clinical 
condition affects the various aspects of pulmonary function including 
pulmonary mechanics, oxygenation, and ventilation and perfusion. Table 
1 lists normal values for these parameters, the magnitude of their 
alteration in acute respiratory failure, and the instrumentation used in 
our intensive care unit to quantitate the change. A diagnosis of acute 
respiratory failure is usually made when any two of the values for 
pulmonary mechanics listed in Table 1 are abnormal, when one ventila- 
tion parameter is abnormal, when all three values for oxygenation are 
abnormal, and when any one perfusion abnormality is present. By 
defining acute respiratory failure in this way, the diagnosis can be made 
whether or not the patient is being mechanically ventilated. 


Management 


Regardless of etiology, acute respiratory failure is directly related to 
the collection of fluid in the interstitial space. Accordingly, its treatment 
must, in essence, be directed toward removal of this fluid and prevention 
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of its reaccumulation. This requires management not only of the lungs 
but of the heart and kidneys. It also requires a dedicated intensive care 
unit nursing and anesthesia staff. 

All patients who are either in or are in imminent or possible danger of 
developing acute respiratory failure should be in the intensive care unit 
and monitored by electrocardiogram, arterial line, Foley catheter, and 
Swan Ganz catheter inserted in the supervalvular but not in the wedge 
position.'® Underlying causes of acute respiratory failure such as sepsis 
should be looked for and treated. 

The mechanical ventilator is essential for maintaining oxygenation 
and providing time to determine proper management and time to heal the 
underlying pulmonary lesion. The indications for intubation and res- 
pirator management are straightforward and have been outlined by 
Manny and Liebman:*° respiratory rate greater than 35 per minute, 
severe dyspnea, use of accessory muscles of respiration, retraction of the 
sternal notch or intercostal space, and alow PaCO, (less than 25 mm Hg). 

There is no one standard of respiratory performance that fits the 
requirements for every patient; therefore, one must use a group of 
derived indices to aid in the selection of optimal respirator settings such 
as positive end expiratory pressure (PEEP), tidal volume, and so on. To 
aid us in these decisions we use the hemodynamic and pulmonary 
tracking system developed by Barash in the Anesthesia Department at 
Yale.* Data routinely available from the arterial line and Swan Ganz 
thermodilution catheter such as PaO,, PvO,, Sat O,, PaCO,, hematocrit, 
and cardiac output are entered into a programmable, handheld calculator 
which integrates cardiac and respiratory function, providing derived 
variables such as cardiac index, stroke volume index, systemic and 
pulmonary vascular resistance, interpulmonary shunting, A-aO, gra- 
dient, A-VO, gradient, and oxygen transport. 

Quite often, initially high inspired oxygen concentrations (FiO,) are 
necessary to achieve an acceptable arterial oxygen concentration (PaO, = 
60 mm Hg). Although inappropriate oxygen usage may cause oxygen 
toxicity! this should not provoke undue concern. No data are available to 
show that an FiO, of 100 per cent produces significant toxicity in less 
than 24 hours, and an FiO, of 40 to 50 per cent can be tolerated 
indefinitely (except in infants). 

The management of patients with acute respiratory failure is usually 
complicated by some degree of cardiac failure. Unfortunately, what is 
necessary for the heart is often detrimental to the lungs. Consider the 
following dilemmas. Beta-adrenergic drugs may be needed to maintain 
cardiac output, but these are vasodilators and dilate normally constricted 
pulmonary arteries that supply poorly ventilated areas of lung,” resulting 
in increased pulmonary shunting and falling PaO,.’ Or, alpha-adrenergic 
agents may be needed, but these are pulmonary vasoconstrictors and 
shunt blood away from well-ventilated areas of the lung, also resulting in 
increased pulmonary shunting and failing PaO,.” Or, a pulmonary artery 
diastolic pressure of 20 mm Hg or more may be required to maintain 
cardiac output, but excessive pulmonary capillary leaking starts to occur 
at a left atrial pressure of approximately 20 mm Hg.** 
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When a patient fits the criteria of having acute respiratory failure and 
has been placed on the respirator, the next step is to remove fluid from 
the interstitial space. This can be achieved by increasing plasma osmotic 
pressure or by decreasing microvascular hydrostatic pressure. Both of 
these aims may be realized with diuretics. In a study of 26 patients with 
acute myocardial infarction, daLuz and associates'’ showed that in the 
absence of pulmonary edema the gradient between plasma colloid os- 
motic pressure and pulmonary capillary wedge pressure was 9.7 mm Hg. 
Following the occurrence of pulmonary edema, however, the gradient 
was reduced to 1.2mm Hg. During therapy with digoxin and furosemide, 
reversal of pulmonary edema was closely related to changes in the colloid 
osmotic-hydrostatic pressure gradient. If renal damage prevents diuresis, 
the patient shouid be hemo or peritoneally dialyzed. 

If, after diuresis, the patient has not shown rapid clinical improve- 
ment, pulmonary edema of the permeability type must be assumed. Once 
this assumption has been made it is understood that endothelial cell 
damage is present and the normal pulmonary hemodynamic response no 
longer pertains. This, however, does not mean that Starling forces are no 
longer operative. The osmotic-hydrostatic pressure relationship still 
exists but has been shifted in the direction of much higher extravascular 
osmotic pressures. Therefore, management must continue to strive for 
high plasma osmotic pressures and low microvascular hydrostatic pres- 
sures. High osmotic pressures may be achieved by further diuresis or 
possibly by the administration of albumin.*® This latter point, however, is 
extremely controversial. Many investigators have found albumin to be of 
no benefit’* and some have found it to be harmful.°** My own impression is 
that it does not help and may be dangerous. As outlined, there is 
substantial evidence that endothelial damage results in accelerated 
permeability of molecules the size of albumin, the administration of 
which would only serve to heighten the severity of extravascular osmotic 
pressure. The available data are so conflicting, however, that it is 
impossible at present to make a firm statement one way or another about 
albumin administration. 

Finally, methods other than diuretics must be considered for éecreas- 
ing microvascular pressure. The closer left atrial pressure approaches 
zero mm Hg, the greater will be the ability, theoretically at least, to move 
interstitial fluid back into the capillaries. The problem is that reducing 
the left atrial pressure to this degree may decrease the cardiac output so 
drastically that it produces anuria, metabolic acidosis, obtundation, or 
death. Accordingly, the point for using the intra-aortic balloon is raised. 
Although the balloon has its own complications' it is extremely useful as 
a life-saving device in cardiac disease and may also have a role for 
treating acute respiratory failure. At present, no data are available on use 
of the intra-aortic balloon for respiratory failure. Nevertheless, it 
would allow maintenance of a satisfactory cardiac output at much lower 
left atrial pressures. If, for example, a patient showed clear signs of 
worsening respiratory failure such as that requiring more than 10 cm of 
PEEP, an FiO, of greater than 50 per cent for longer than 24 hours, and 
an airway pressure of more than 40 cm of water, I believe it would be 
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worthwhile to try the balloon in an effort to decrease microvascular 
hydrostatic pressure. 


It is interesting to note that Teplitz has pointed out the presence of 


viable mitochondria in the swollen endothelial cell in Figure 6. This 
would imply reversibility of endothelial damage—all that is needed is 
time. 


18. 
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Symposium on Complex Surgical Problems 


Acute Renal Failure in Cardiovascular 
and Other Surgical Patients 


Alexander S. Geha, M.D., M.S.* 


A tendency toward decreased urine production after operation or 
injury results from release of antidiuretic hormone, aldosterone secre- 
tion, and sequestration of blood and extracellular fluid in the injured 
region.' Causes of postoperative severe oliguria or anuria are: decreased 
renal blood flow due to an inadequate vascular volume, decreased cardiac 
output, hypotension, or renal emboli (prerenal failure); increased secre- 
tion of antidiuretic hormone or aldosterone or both; acute renal paren- 
chymal failure; and obstruction to urine flow due to injury, to ureteral 
obstruction (extrinsic or intrinsic), bladder outlet obstruction, renal 
pelvic obstruction, or a blocked catheter (postrenal failure). 

While postrenal failure may be easily correctible, prerenal failure in 
surgical patients often occurs in a setting that cannot be quickly re- 
versed, leading to the establishment of acute renal failure. Acute renal 
failure has become a well recognized complication following aortic 
surgery'® and open heart surgery.'’!’ Improvement in surgical and 
anesthetic techniques has led to such surgery being routinely performed 
on patients who, because of their severely compromised general condi- 
tion, would have been considered only a few years ago to represent 
excessively high risks for surgery. In these patients especially, renal 
function is often reduced preoperatively, and this reduction of functional 
capacity may account for the higher frequency of postoperative acute 
renal failure.'° Despite optimal therapy, and although this renal disorder 
is usually reversible, the overall mortality is still very high (in excess of 
50 per cent).'° Thus, it is extremely important to prevent its occurrence if 
at all possible. 

The best way to prevent acute renal failure is to maintain normal 
circulation and urinary output. Volume depletion clearly predisposes to 
the development of acute renal failure.’ In the surgical patient, decreased 
renal blood flow can result from peripheral vasodilatation or decreased 
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cardiac output—the result of multiple factors including anesthesia, blood 
loss, extravascular pooling of blood and edema fluid, insensible water 
losses, nasogastric suction, and preoperative bowel preparation. Barry et 
al. and others have shown that postoperative oliguria can be prevented 
by sustained hydration before and during the intraoperative period. In the 
last decade, experimental data comparing the effects of mannitol and 
such potent diuretics as furosemide or ethacrynic acid raised the hope 
that pretreatment with these agents might lead to the prevention of acute 
renal failure;* however, the practical results of this prophylaxis do not 
correspond to the theoretical expectations and experimental findings.” 

The following recommendations pertain to the preoperative and 
intraoperative management of all surgical patients, especially those with 
preexisting mild renal insufficiency, in an attempt to prevent the devel- 
opment of postoperative acute renal failure: (1) adequate hydration with 
saline, blood, or colloid to assure optimum intravascular volume; (2) 
limitation in the amount of radiologic contrast material preoperatively; 
when possible, the surgical procedure should be deferred until the dye is 
cleared; (3) very careful typing and cross-matching of blood to avoid 
post-transfusion reaction; (4) the restriction of antibiotics to situations in 
which they are clearly indicated and used in doses so as to minimize the 
risk of nephrotoxicity; (5) intraoperative use of appropriate fluids to 
assure a continuous urine output during surgery, together with careful 
monitoring of the pulmonary wedge pressure or central venous pressure 
when indicated to evaluate the intravascular space and cardiovascular 
status preoperatively, operatively, and postoperatively; and (6) a trial of 
mannitol (1 gm per kg) or furosemide (200 mg) in those patients with 
persistent oliguria despite adequate volume expansion and fluid therapy; 
the early administration of dopamine to act upon the renin-angiotensin 
mechanism, increase renal blood flow, and induce sodium diuresis may 
be useful. 


POSTOPERATIVE ACUTE RENAL FAILURE 


Acute renal failure is defined as the sudden cessation of renal 
function leading to life-threatening change in fluid-electrolyte and acid- 
base balance and to the retention of dangerous drugs and toxic products 
of intermediary metabolism. The sudden onset of acute renal failure may 
result from the inability to perfuse adequately otherwise normal kidneys 
because of any one of several ‘“‘prerenal” factors. Acute renal failure may 
also be caused by “‘postrenal” factors that cause obstruction to urine flow. 
The potentially fatal effects of prerenal and postrenal failure, once 
diagnosed, are usually quickly reversible if they can be treated effec- 
tively. On the other hand, acute renal failure caused by intrinsic renal 
parenchymal injury is less easily reversed. 

Acute renal failure may result from acute parenchymal renal disease, 
such as severe extracapillary glomerulonephritis or severe acute intersti- 
tial nephritis. The term ‘“‘acute tubular necrosis” has been applied to the 
syndrome of acute renal failure resulting from an acute ischemic or toxic 
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insult to the renal parenchyma; however, it is probably a misnomer, since 
morphologic evidence of tubular necrosis is not a constant feature. This 
discussion concentrates primarily on this category, since it is the one 
encountered in injured or postoperative patients. 

Clinical and experimental observations show acute renal failure to be 
a rather uniform clinical and pathologic syndrome in spite of its multifac- 
torial etiology. It is characterized by a protracted period of oligoanuria, 
low urine concentration, azotemia, and hyperkalemia and hyponatremia. 
The course typically consists of four phases: initial damage, oligoanuria, 
polyuria, and functional recovery; the main clinical and laboratory 
findings are summarized in Table 1. Acute renal failure carries an 
extremely high mortality rate, and patients suffer from many complica- 
tions such as gastrointestinal hemorrhage and infection. The severity of 


Table 1. Clinical and Laboratory Findings in Acute Renal Failure 
PHASE OF 

ACUTE RENAL 
FAILURE CLINICAL FINDINGS LABORATORY FINDINGS 


Initial damage 


Oligoanuria 


Polyuria 


Recovery 


Circulatory disturbance; shock of 
differing etiology; nonspecific 
picture 

Hypotension; generalized edema; 
“wet lung”’; oliguria or anuria 


Hypotension (secondary to loss of 
sodium); danger of dehydration; 
large volume of urine 

Normal 


Nonspecific 


Azotemia; hyperkalemia; hyponat- 
remia; metabolic acidosis; urine 
specific gravity < 1.010 

Decreasing azotemia; 
hypokalemia; hyponatremia; 
urine specific gravity < 1.010 

Normal serum urea, creatinine, 
electrolytes, and acid-base bal- 
ance; urine concentration rising 


Table 2. Causes of Acute Renal Failure 


Prerenal failure 


Acute tubulovascular nephropathy 

*Trauma with shock 

*Surgical shock 

*Crushing injuries and bums 

*Transfusion reactions 

*Sepsis 

*Hemorrhagic shock 

Medical hypotension 
Nephrotoxic nephropathy 


*Hypovolemia 

*Vascular occlusion 

*Myocardial] failure 
Postrenal failure 

*Ureteral obstruction 

Stones, tumor 
*Bladder neck obstruction 
Intrarenal obstruction 


Sulfonamides, urates 
Parenchymal renal disease 
Glomerulonephritis 
Malignant nephrosclerosis 


Pyelonephritis 


Papillary necrosis 
Allergic tubulointerstitial nephritis 


Heavy metals 
Hydrocarbons 
Fluorinated anesthetics 


*Aminoglycoside antibiotics 
Glycols 


*Conditions more commonly encountered in surgical patients. 
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the disease is independent of the wide variety of conditions that may 
precipitate the acute cessation’of renal function (Table 2), and once renal 
failure develops, little can be done to alter the clinical course. Treatment 
consists predominantly of supportive therapy through the use of frequent 
dialysis. 


Physiology 


An understanding of the current concepts of the physiology of acute renal 
failure is necessary in order to interpret the spectrum of associated morphologic 
changes. Normal renal function results from both passive (glomerular filtration) 
and active (tubular reabsorption and secretion) phenomena that derive their 
energy from two different sources. Since glomerular filtration depends on mean 
arterial pressure, the necessary energy is directly supplied by the work of the 
cardiovascular system, with special reference to myocardial contractility and 
cardiac output. Tubular reabsorption and secretion, on the other hand, follow the 
energetic performance of the renal tubular cells. The basic mechanism of urinary 
concentration is the active tubular reabsorption of sodium accompanied by passive 
water diffusion. Usually, glomerular filtration and tubular reabsorption are in 
equilibrium, the so-called glomerular-tubular balance, and are regulated by the 
juxtaglomerular apparatus. Sodium concentration in the distal tubule is measured 
from the macula densa cells which, because of their anatomic proximity to the 
glomerular pole, regulate the tone of the afferent loop and thus the glomerular 
filtration rate by means of a local hormonal feedback system of renin-angiotensin 
II.@ 

On the basis of micropuncture and microvascular studies carried out by Oken 
and coworkers,'*-*° as well as by our institution''” and by other investigators,?* 
Kashgarian has proposed the sequence of events leading to the functional distur- 
bances seen in acute renal failure (Fig. 1).'* He suggests that tubular damage can 
be initiated by a toxin or ischemia. The damage may be insufficient in degree to 
result in morphologic alterations of the tubular epithelium, yet sufficient to inhibit 
tubular reabsorption of salt and water. As a result of altered sodium reabsorption, 
the renin-angiotensin system is activated locally in an effort to maintain 
glomerular-tubular balance. The local effect of angiotensin results in glomerular 
arteriolar constriction and increased cortical vascular resistance. The juxtamedul- 


Toxins See 
Tubular Damage 
Ischemia == | 


Decreased Cortical Blood Decreased Nat Reabsorption 
Flow (Redistribution) 


Increased Cortical «———— Renin-Angiotensin Activation 
Vascular Resistance y Obstruction 
Altered Gomerular Hemodynamics 
Back Leak 
Decreased Glomerular Perfusion 
Pressure or Renal Plasma Flow 


Decreased Glomerular Filtration 


Decreased Tubular Flow 


OLIGURIA 


Figure 1. Factors leading to oliguria in acute renal failure. (Modified from Kashgarian, 
M.: Acute renal failure. In Sommers and Rosen (eds.): Pathology Annual, Part I. New York, 
Appleton-Century-Crofts, 1980.) 
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lary nephrons are not as severely affected because of the lower content of renin in 
the juxtaglomerular cells in these nephrons. Medullary prostaglandin mav also 
play an important role in maintaining blood flow to these nephrons through their 
vasodilatory action. The diminution of cortical blood flow results in a redistribu- 
tion of blood flow within the cortex which might in turn potentiate tubular damage 
through a persistence of ischemia. In addition, arteriolar constriction would alter 
glomerular hemodynamics with depression of glomerular filtration rate. This 
change could also affect the peritubular oncotic and hydrostatic gradient neces- 
sary for the reabsorption of salt and water from the interstitium back into the 
circulation, resulting in interstitial edema. The diminished tubular flow in the 
presence of necrotic debris from the tubular epithelium could result in tubular 
obstruction, and focal disruptive lesions could result in back leakage of fluid into 
the interstitium, further altering the peritubular environment. All of these mech- 
anisms would contribute to the development of oliguria. Sublethal and morpholog- 
ically indistinct tubular damage can be associated with sufficiently disturbed 
tubular reabsorptive function to result in drastic circulatory changes associated 
with the attempted maintenance of glomerular-tubular balance and many other 
factors, such as obstruction and tubular back leak, can contribute to the mainte- 
nance of oliguria—the final outcome being the syndrome recognized as acute renal 
failure. 


Pathologic Findings 


Morphologically, the types of lesions of acute tubular necrosis fall 
into two general categories as described by Oliver et al.:*! the ‘“neph- 
rotoxic” lesion, usually associated with chemical poisonings and result- 
ing in widespread necrosis of various segments of the nephron; and the 
“tubulorrhexic”’ lesion, in which actual tubular necrosis may be focal, 
minimal, or even absent by usual histologic techniques, and which is 
associated with the acute renal failure of crushing injuries, surgical 
shock, ischemia, or hypotension. The latter type is the one commonly 
seen in surgical patients and poses the greatest dilemma to pathologists." 

Characteristically, in the acute renal failure encountered in surgical 
patients, the kidneys are observed to be generally quite large at autopsy 
(Fig. 2). The cortex is swollen, and the surface is pale in color and bulges 
above the plane of dissection. Cortical thickness is generally widened and 
is contrasted to the medulla which is dark and congested, particularly at 
the corticomedullary junction. This congestion of the vasa recta and 
pallor of the cortex are undoubtedly related to the shift of blood flow away 
from the outer cortex to the juxtamedullary nephron, which has been 
demonstrated in experimental models of acute renal failure as well as in 
patients with the syndrome. Histologically (Fig. 3) the glomeruli usually 
show no significant changes although in some special forms of acute 
renal failure, such as that associated with gram-negative sepsis and 
obstetric accidents, fibrin thrombi may be found. The epithelium of 
Bowman’s capsule, however, has drawn significant attention. The cells 
lining Bowman’s capsule are frequently taller and more prominent than 
normally observed and this may be caused in part by the so-called reflux 
of the proximal tubular epithelium into Bowman’s space, as originally 
described by Waugh and associates.” Dilatation of the proximal tubules 
and flattening of the tubular epithelium are frequently encountered (Fig. 
4), and in patients who receive hypertonic solutions of sugars or other 
osmotically active substances such as Dextran, the proximal tubular 
epithelium demonstrates marked vacuolization and swelling (Fig. 5). 
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Figure 2. Gross photograph of the cross section of a kidney removed at autopsy from a 
patient with acute renal failure. The cortex is extremely pale and sharply demarcated from the 
medulla. There is intense congestion of the corticomedullary junction. The kidney weighed 
300 g. (From Kashgarian, M.: Acute renal failure. In Sommers and Rosen (eds.): Pathology 
Annual, Part I. New York, Appleton-Century-Crofts, 1980, with permission.) 


Figure 3. Photomicrograph of a glomerulus from a biopsy of a patient with acute renal 
failure. Architecture of the glomerulus is well preserved, and there is no significant change in 
cellularity or thickness of the capillary wall. The epithelium of Bowman’s capsule at the 
tubular pole is quite prominent, with tubular epithelium bulging into Bowman’s space. 
(Periodic acid—Schiff stain x 250.) 
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Figure 4. Photomicrograph of the renal cortex from an autopsy of a patient with acute 
renal failure associated with prolonged circulatory insufficiency. There is dilatation of the 
tubules with flattening of the epithelium. The dilatation is predominantly of the proximal 
tubule. There is interstitial edema. (Hematoxylin and eosin stain x 250.) 


Figure 5. Photomicrograph of the renal cortex from the biopsy of a patient with acute 
renal failure who had several attempts at osmotic diuresis. There is evidence of osmotic 
nephrosis with a lacy vacuolization of the proximal tubular epithelium. The nuclei are well 
preserved. The apical portions of the epithelium appear to bulge into the tubular lumina. 
(Periodic acid-Schiff stain x 340.) 
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Figure 6. Photomicrograph of the renal cortex of a patient with acute renal failure. The 
distal tubules demonstrated here are dilated and contain proteinaceous casts mixed with 
cellular debris. In the tubules with casts, the tubular epithelium is flattened. In the tubules in 
the center, there is crowding of the nuclei and some pyknosis of individual nuclei with 
epithelial necrosis. The interstitium is edematous. (Hematoxylin and eosin stain x 250.) 


The distal portion of the nephron, including the distal convoluted 
tubule, the cortical connecting tubule, and the cortical and medullary 
collecting ducts, has been the segment of the tubule usually described as 
showing the most significant changes. The usual change is flattening of 
the epithelium, pyknosis of the nuclei of the tubular epithelium, evidence 
of regeneration with crowding of the cells, occasional mitotic figures, and 
apparent dilatation of the tubule (Fig. 6). Cast material is quite prominent 
and consists of a mixture of necrotic debris; in cases of burns, transfusion 
reactions, and severe crushing injury, pigment casts are particularly 
prominent. 


ACUTE RENAL FAILURE IN THE CARDIOVASCULAR 
SURGICAL PATIENT 


In addition to the general factors shared with other surgical patients, 
patients undergoing cardiovascular surgical procedures with cardiopul- 
monary bypass have certain characteristics that predispose them to the 
development of postoperative acute renal failure. Renal function in 
cardiac surgical patients is often reduced preoperatively.'°*® The fre- 
quency and mortality of acute renal failure depend upon specific 
preoperative and intraoperative circumstances, which also influence the 
postoperative course (for example, in congestive heart failure the renal 
blood flow is reduced). In patients with rheumatic valvular disease or 
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cyanotic cardiovascular disease, the effective renal plasma flow is di- 
minished even before cardiac failure takes place. Patients with mitral 
valvular disease are notorious for having a high incidence of renal 
embolism. Additionally, intraoperative alterations in renal function are 
very important. Generally during cardiopulmonary bypass a decrease in 
glomerular filtration rate of 30 per cent and in renal plasma flow of 25 per 
cent is observed, but there is no absolute correlation between preopera- 
tive initial values and intraoperative reduction; at the end of bypass, renal 
function is generally in the range of the initial values." 

Anesthesia, thoracotomy, hypothermia, lowered mean arterial pres- 
sure, and nonpulsatile blood flow all contribute to this reduction in renal 
function. In addition to the perfusion rate and the mean perfusion 
pressure, blood trauma must be considered as the most important factor 
for systemic and renal damage. Mechanically traumatized blood cells 
release hemoglobin and vasoactive substances such as catecholamines 
and serotonin which cause renal vasoconstriction. Moreover, metabolic 
acidosis develops during extracorporeal circulation. 

Krian'® analyzed various factors and their influence on the develop- 
ment of postoperative acute renal failure in patients undergoing opera- 
tions with extracorporeal circulation. The duration of perfusion was the 
main intraoperative factor responsible for the development of acute renal 
failure. The duration of perfusion correlates well with the rate of 
hemolysis.''*? Acute renal failure seems to be more commonly associated 
with a higher degree of hemolysis, but it must be stressed that there is no 
threshold level at which acute renal failure occurs. In view of these 
findings, Krian concluded that hemolysis alone will not cause renal 
failure unless it occurs with other serious complications such as shock or 
severe acidosis. Our observations in our own surgical unit are similar. 
Also, there are no significant differences in the incidence and 
pathophysiology of acute renal failure between pediatric and adult pa- 
tients.” 

Prevention of acute renal failure in the cardiac surgical patient may 
be difficult. It is impossible to predict that a certain patient will develop 
acute renal failure, although many of its etiologic factors are well known. 
Prevention of acute renal failure remains a problem related to the general 
management of cardiac surgical patients and is nonspecific. The common 
preventive measures are the same as those outlined above for general 
surgical patients. Specifically, they include intraoperative maintenance 
of high perfusion rates, sufficient mean perfusion pressure and optimal 
myocardial protection, short perfusion times, and minimal blood trauma. 
Maintenance of electrolyte balance and acid-base equilibrium is impor- 
tant. Postoperatively, consolidation of circulatory performance and, if 
possible, avoidance of the renal blood flow to reduce the action of 
circulating catecholamines of both endogenous and exogenous origin are 
of prime importance. 


Recognition of Acute Renal Failure 


When the output of urine decreases below 25 ml per hr, steps should 
be taken to determine the reason. Following a good clinical evaluation, a 
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few simple laboratory studies will enable the physician to arrive at a 
diagnosis in the vast majority of oliguric patients (Table 3). These tests 
include measurement of the serum and urinary urea, creatinine and 
osmolality, and urinary sodium, and examination of the urinary sedi- 
ment. 

One should first attempt to rule out prerenal and postrenal causes. 
When prerenal causes result in oliguria and increasing azotemia, their 
presence is usually obvious. If the circulation and blood pressure are 
normal and the central venous pressure is not high, 2,000 ml of saline 
may be given as a rapid infusion. A high urine osmolality, urine specific 
gravity greater than 1.020 and a urine:serum creatinine ratio greater 
than 20 also suggest the need for more fluid. A small amount of mannitol 
may also be given but fluid overload and pulmonary edema should be 
avoided. Postoperative blood loss and hypokalemia must be excluded, and 
a normal blood pressure must be maintained. 

Mechanical reasons must be excluded such as an occluded or mal- 
positioned catheter and obstruction due to division or ligation of ureters 
during pelvic and retroperitoneal operations. With mechanical obstruc- 
tion no urine is produced, whereas with renal failure there is generally a 
small amount of urine. 

Patients with oliguric and nonoliguric renal parenchymal failure 
often have periods of hypotension, sepsis, and treatment with neph- 
rotoxic dyes, antibiotics, pigments, or other toxins. However, in many 
patients with unequivocal acute renal failure the syndrome will develop 
in the absence of obvious hemodynamic changes or without any presently 
recognized nephrotoxins. In this group, the exclusion of prerenal and 
postrenal factors, coupled with the appropriate laboratory studies, makes 
the diagnosis. After an operation, sodium in the urine is low, 10 to 20 
mEq per liter or less. When there is renal parenchymal failure, sodium 
cannot be retained or concentrated. The urine sodium increases to 50 to 


Table 3. Laboratory Tests in the Differential Diagnosis of 
Acute Renal Failure* 


ACUTE RENAL 


PRERENAL FAILURE POSTRENAL 

Serum 

BUN: creatinine >10-15:1 AOA >10-15:1 
Urine 

Sediment Nondiagnostic Epithelial May help 

cells and casts 

Sodium (mEq/1) <10 >20 >10-20 

Specific gravity >1.015 1.010 <1.010 

Osmolality (mOsm/1) >400 <400 <400 

Urine: plasma osmolality S155 = =1.9 

Urine: plasma creatinine 20 sil 10-20:1 10-20:1 

Urine: plasma urea nitrogen >20:1 >10:1 <10:1 


*Modified from Dornfeld, L., and Narins, R. G.: Pre- and postoperative renal failure. 
Urol. Clin. North Am., 3:363, 1976. 
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60 mEq per liter or higher in the small amount of urine produced. The 
urine osmolality therefore approaches that of the plasma. The 
urine:serum creatinine ratio, normally greater than 20:1, is decreased. 
Diagnosis is often difficult during the first six to 12 hours of developing 
renal failure when prerenal factors coexist. 

A careful urinalysis and examination of the sediment, done by a 
trained observer, are invaluable aids in diagnosis. Whenever possible, 
fresh urine should be used. Casts will degenerate upon standing, crystals 
will precipitate on standing, and bacterial overgrowth will occur, and all 
will combine to obscure the usefulness of the study. 

If the above studies are equivocal and if the question of obstruction 
remains, one of the following studies should be done: renal scan, ul- 
trasound study of the kidney and bladder, pyelography, or retrograde 
pyelography. A renal scan should enable one to distinguish decreased 
renal blood flow from intrinsic renal disease and obstructive uropathy. 
Ultrasound may be especially helpful in the diagnosis of obstruction. 
Pyelography, drip infusion, or ‘‘double dose”’ may be essential to rule out 
obstruction completely or to define the exact cause and location of the 
lesion. Caution must still be used since the contrast material is poten- 
tially toxic. 


TREATMENT OF ACUTE RENAL FAILURE 


Acute renal failure demands close control of hydration, serum potas- 
sium, and the products of protein metabolism.'’ This may be particularly 
difficult after operation, because there is increased breakdown of pro- 
teins, potassium is being mobilized rapidly from cells to the extracellular 
fluid, and the patient has often been made hypervolemic by attempts to 
prevent renal failure by volume expansion. Acute renal failure after 
injury or operation is potentially reversible. Recovery, however, may not 
occur until 12 to 20 days. 

VoLumME ControL. The patient is given sufficient water to replace 
insensible water loss minus the water produced by metabolism. Insensi- 
ble loss is usually 800 to 1,000 ml daily and 400 to 500 ml of free water is 
generated by catabolism. Thus, the average volume to be administered in 
an adult is 500 ml per 24 hours and should be given as 10 per cent 
dextrose in water. To this is added the volume of urine produced and 
other losses, such as from a nasogastric tube, wound, or drain. Daily 
weights are necessary. The postoperative patient in renal failure and 
without oral intake should lose 0.2 to 0.5 kg per day if normal hydration is 
maintained. With recovery the first urine is dilute. Increasing volumes of 
water are then required as the urine flow increases and edema is 
eliminated. Sodium will also have to be given and perhaps potassium if 
losses are large. 

ELECTROLYTE ConTROL. Sodium is not given unless there is severe 
hyponatremia or continuing loss of sodium. The major threat is hyper- 
kalemia that may develop rapidly. Since hyperkalemia arising from the 
patient’s catabolic state and acidemia is a potential cause of death, 
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Table 4. Treatment of Hyperkalemia* 
AGENT MECHANISM ONSET DURATION LIMITATION 

. Ca** chloride or Direct an- Few Aehy? (Geyry 
Ca** gluconate tagonism min. 

(10 per cent), IV 
10 to 30 ml (1 to3 
amps) 

. NaHCO ,IV 44to Direct an- ihr: Few Volume 
132 mEq tagonism and re- hr. Na‘, pH 
(1 to 3 amps) distribution 

. Glucose (10 per Redistribution hr: Few Blood 
cent), IV 500 ml (? value in non- igh, sugar 
+regularinsulin, diabetics) volume 
10 U Blood 

sugar 

. NaCl (5 per Volume expan- 1 hr. Few Volume 
cent), IV 250 ml sion and dilution; hr. Na*, pH 

antagonism of K* 
on heart; redis- 
tribution 

. K* exchange Excretion 
resin 
a. 20 gm resin + 

20 ml sorbitol 
(70 per cent), 
P.O. (to pro- 
duce 
diarrhea), or 
b. 50 gm resin + 
50 m1 sorbitol 
(70 per cent) 
+ 200 ml wa- 
tere as 
retention 
enema) 

. Peritoneal Excretion Few Few Dialysis 
dialysis or min. hr. 
hemodialysis after after 

start end 

. Decrease potas- Excretion Few Few Dialysis 
sium load (diet, min. hr. 
blood, necrosis, after after 
drugs) start end 


*Modified from Singer, I.: Symposium on Electrolyte and Acid Base Disorders. American 


College of Physicians, 1975. 
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potassium therapy is restricted in oliguric patients to those in whom the 
serum potassium is below 3.0 mEq per liter or to patients on digitalis. The 
plasma potassium is initially recorded twice daily, and the electrocardio- 
gram continuously monitored. Therapy of hyperkalemia is outlined in 
Table 4. A serum potassium approaching 6 mEq per liter is rapidly but 
transiently reduced by giving glucose and insulin or calcium salts 
intravenously. More permanent control is obtained by ion exchange 
resins such as Kay-Exalate given orally or by enema, or by dialysis. 

CATABOLISM AND PROTEIN BREAKDOWN. Calories should be given as glu- 
cose to inhibit gluconeogenesis. If the gastrointestinal tract is functional, 
sugar and fat without protein should be given as sweetened butter balls or 
hard candy. A volume of 500 ml of 10 per cent dextrose solution 
administered intravenously is generally adequate for an adult. Recently 
intravenous hyperalimentation with amino acids has been advocated to 
decrease protein catabolism, and in our experience has contributed to 
improvement of the results as discussed below. However, one must 
anticipate and watch for the complications of hyperalimentation. Blood 
urea nitrogen (BUN) and creatinine levels may rise rapidly in the 
postoperative patient with extensive tissue breakdown. 

Diatysis. With these conservative measures the patient may be sup- 
ported until renal function returns. However, dialysis is often necessary. 
The indications for dialysis are presence of cardiovascular fluid overload, 
hyperkalemia, severe acidemia, uremia with altered mental state, usually 
with a BUN rising to greater than 120 mg per dl or rising at a rate greater 
than 20 mg per dl per day. Indications for dialysis should not rely only on 
laboratory findings or on the appearance of the symptoms of uremia, but 
on the evaluation of the clinical condition of the patient. In certain 
instances, especially in young patients whose prospects are good, dialysis 
may be started before the complication causing acute renal failure is 
eliminated, to avoid the additional consequences of renal insufficiency. 
Peritoneal dialysis is satisfactory in the postoperative patient but may not 
be possible after insertion of an aortic graft or shortly after intraabdomi- 
nal surgery because of adhesions and the risk of infection. Hemodialysis 
is then required. In the cardiac surgical patient, we prefer hemodialysis 
to peritoneal dialysis as the former does not disturb pulmonary and 
intestinal functions. Krian'’ advocates beginning hemodialysis therapy 
with venovenous perfusion which does not affect cardiovascular func- 
tion; when cardiac function has stabilized, a Scribner shunt is used. 

In our experience, acute renal failure occurs in approximately 2 per 
cent of patients undergoing cardiovascular operations with cardiopulmo- 
nary bypass. Before July 1978, the mortality rate in these patients had 
been 89 per cent, a figure comparable to that reported by Abel et al.' Since 
that time, however, we have treated postoperative patients with acute 
renal failure with earlier dialysis and nutritional support with intrave- 
nous glucose and amino acids. Although the incidence of acute renal 
failure after open heart surgery is still about 2 per cent, and the age, 
operative procedures, and other postoperative complications remained 
similar in our cardiac surgical patients, this more aggressive approach 
has been associated with a significant decrease in the mortality rate to 53 
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per cent. We presently institute dialysis if the serum concentration of 
creatinine reaches 5 to 6 mg per dl or BUN 80 to 90 mg per dl, or if the 
serum potassium exceeds 6 mEq per liter in spite of conservative 
therapy, including ion exchange resins. Clinical hyperhydration with 
disturbance of lung function, cerebral edema, or incipient uremia are 
other indications for earlier institution of dialysis therapy. 


HIGH OUTPUT RENAL FAILURE 


Acute renal failure usually produces severe oliguria or anuria. How- 
ever, if the renal damage results in a moderate rather than a severe 
decrease in glomerular filtration rate, there may be a reasonable volume 
of urine but its composition may tend toward that of plasma.”! This is 
similar to the diuretic phase of recovery from acute tubular necrosis. The 
output of urine may be 2 to 3 liters per day with a high sodium and low 
urine:plasma creatinine ratio. Both the oliguric and nonoliguric forms 
generally follow a predictable course characterized by progressive eleva- 
tion of the BUN and serum creatinine over seven to 10 days. This period 
is followed by a second period of stabilization in which the BUN and 
serum creatinine remain at a constant high level. Over the next several 
days blood chemistries return to baseline as renal function normalizes. 
One must not be lulled into a false sense of security by the presence of 
“ample” amounts of urine. Nonoliguric acute renal failure represents 
life-threatening suppression of renal function, despite the presence of 
“ample” amounts of urine. It can be diagnosed only if the BUN and 
creatinine levels are evaluated in patients whose general clinical circum- 
stances predispose them to acute renal failure. The failure to diagnose 
nonoliguric acute renal failure is as dangerous as the failure to diagnose 
the oliguric variety. The larger urine volume in nonoliguric acute renal 
failure tends to be fixed and relatively unresponsive to variations in fluid 
intake. This makes the patient subject to the dangers of volume overload 
and contraction, unless the fixed urinary output is recognized. Certain 
drugs, such as digitalis, which depend upon the kidney for excretion, will 
require alterations in dosage in nonoliguric acute renal failure just as in 
the oliguric form. Generally, the prognosis is better in the nonoliguric 
variety. The greater urine volume makes fluid and electrolyte manage- 
ment easier and it is actually unusual for these patients to require 
dialysis. 


SUMMARY 


The acute onset of oliguria and azotemia in the postoperative setting 
may be caused by prerenal or postrenal causes or intrinsic renal damage. 
The first step in arriving at a diagnosis is to review the history in order to 
elicit the extrarenal factors. Certain simple laboratory tests are of tre- 
mendous value in differentiating these conditions. 
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The development of acute renal failure with renal parenchymal 
damage usually occurs in the setting of hypotension, sepsis, dehydration, 
and with exposure to nephrotoxins. Most patients will be excreting scant 
amounts of isotonic urine containing more than 20 to 30 mEq per liter of 
sodium. Their urine: plasma creatinine ratio is less than or equal to 20:1 
and their urinary sediment reveals many epithelial cells and casts. The 
condition is usually reversible and the treatment is expectant. However, 
it is still associated with a high mortality, although the survival of 
patients with acute renal failure may be substantially higher than previ- 
ously reported. Early dialysis and nutritional support may play an impor- 
tant role in the improved survival. 

Patients with nonoliguric acute renal failure have urine outputs that 
may exceed 2 liters per day. Despite this output they demonstrate a 
stepwise increase in serum urea and creatinine. Urine sodium and 
osmolality are not very helpful. Many such patients do have low (less than 
20 mEq per liter) urine sodium concentration and excrete isotonic urine. 
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Symposium on Complex Surgical Problems 


Prevention of Multiple Systems Failure 


Arthur E. Baue, M.D.,* and Irshad H. Chaudry, Ph.D. 


Multiple systems or organ failure is a syndrome that may occur in 
patients after injury or after operation and is often fatal. This syndrome, 
first defined a few years ago, is the natural result of improved surgical 
capability.* In the past, failure of a single system such as the kidneys or 
the lungs or the liver was in itself lethal. 

Multiple organ failure is not only asyndrome but a concept in the care 
and study of injured patients. This concept is that, at any point in time, 
the limitations in our capability to care adequately for injured and 
operated patients can be defined. By defining our limitations we can 
overcome them, improve the care of the injured, and prevent the problem 
of multiple organ failure in many. This concept provides a framework for 
clinical problem solving which should be an important activity for all 
surgeons working individually or collectively. Observations of one’s own 
limitations, limitations within the hospital, and the limits set by the 
problems posed by patients provide a challenge for every surgeon to do 
better the next time. 

Although we must strive to provide better means of support for 
organs that have failed, especially long-term support of failed kidneys, 
lungs, circulatory and other organ systems, the primary approach em- 
phasized in this presentation is prevention of multiple systems failure 
during the initial phase of treatment, operation, or injury. A preventive 
attack on this syndrome requires increased understanding in four areas: 
definition and recognition of the problem; the setting in which these 
problems occur and the types of disease processes, abnormalities, and 
sequences that produce the problem; the relationships between the 
various systems that can lead to the domino effect of one system 
triggering problems in another, and so on down the sequence; and the 
presently available methods to support organs and systems so they do not 
fail individually or trigger problems and failure in other organs. 


*Donald Guthrie Professor and Chairman, Department of Surgery, Yale University School of 
Medicine, New Haven, Connecticut 
+Senior Research Associate, Department of Surgery, Yale University School of Medicine, New 


Haven, Connecticut 
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Definition and Recognition of the Problem 


Multiple organ failure occurs when more than one organ system 
cannot support its activity spontaneously. Failure of the cardiovascular 
system is defined as hypotension, a low or marginal cardiac output, or, in 
general terms, an inadequate circulation that requires pharmacologic 
and/or mechanical circulatory assistance for support. Ventilatory failure 
is the requirement for assisted ventilation in order to maintain adequate 
gas exchange, including oxygenation and elimination of carbon dioxide. 
Renal failure is the inability of the kidneys to regulate volume and 
electrolytes and remove waste products. Hepatic failure is difficult to 
define but would include an elevated bilirubin, markedly elevated hepatic 
enzyme levels, and the end stage which is hepatic coma. Gastrointestinal 
failure is the inability of the gut to function and maintain nutrition by oral 
intake and/or acute gastrointestinal erosion or ulceration which becomes 
life-threatening owing to bleeding or perforation. Metabolism must be 
considered as a system that can fail to provide for energy needs through- 
out the organism and particularly other organs. The musculoskeletal 
system through the catabolism of injury can fail with loss of strength and 
its attendant problems of difficulty in coughing, breathing, getting up 
and around, and other problems. The immune system, or host resistance, 
should be considered as a system and can fail by allowing development of 
sepsis which is unexpected or difficult to control. Coagulation is also a 
system that may fail by inability to clot or by diffuse intravascular 
coagulation. Failure of the nervous system would be defined as a de- 
creased or depressed sensorium and/or coma. When the central nervous 
system is injured it often becomes the limiting system that in itself 
prevents survival. Whether or not several organs fail progressively or 
sequentially or whether this occurs simultaneously depends on the 
severity of the insult and the preinjury or preoperative health of the 
individual. 

A common example of multiple organ failure encountered by general 
surgeons is in a patient with acute hemorrhagic pancreatitis. Over the 
first few days, a patient with severe retroperitoneal inflammation may 
have hypotension that requires circulatory support, decreased urine 
output, and difficulty with ventilation. This may lead to renal shutdown, 
the need for ventilatory support, and continued circulatory instability. 
Progressive abdominal distention and inability of the gut to function 
would lead to failure of this organ system. The patient often develops an 
elevated serum bilirubin level, indicating hepatic failure, and an elevated 
temperature indicating severe retroperitoneal inflammation and/or infec- 
tion. Within a few days the patient may have multiple systems failure 
involving the kidneys, lungs, liver, gut, circulation, and metabolism. By 
careful support of these various failed organs, by appropriate operations 
when needed (such as drainage procedures), the patient may ultimately 
survive. The final answer to such a problem whether it be pancreatitis or 
another disease obviously lies in prevention of organ failure in the first 
place. This must be carried out within the first few days of the disease 
process. Here, then, is where we must focus our energies and capabilities 
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in the initial treatment of patients with potential for development of this 
problem. 


Understanding the Setting and Circumstances in Which Multiple or 
Sequential Organ Failure Occurs 


Four clinical characteristics are involved in producing this sequence 
of problems and events: (1) There must be a severe metabolic insult from 
trauma, operation, or both. A major operation or multiple systems injury 
in an otherwise normal individual can allow this problem to develop. (2) 
There often are clinical or technical errors that may not be recognized 
initially—continued bleeding, inadequate wound closure, difficult anas- 
tomosis, a collection in the chest or peritoneal cavity, massive contami- 
nation, and other problems. (3) Infection, especially peritonitis, is often 
the underlying problem, either producing the sequence, initiating it, or 
developing along with it as one or more organs fails.*:' (4) An individual 
with limitations of function in one or more organs is more susceptible to 
this problem than the otherwise normal individual. This is especially true 
in patients with vascular occlusive disease, chronic obstructive lung 
disease, hepatic damage. immunosuppression from various disease pro- 
cesses or related to organ transplantation, and cardiac disease. 

A common sequence of events with severe injury and illness involves 
a period of initial shock and circulatory instability with decreased renal 
function, followed by resuscitation and an operation or treatment of the 
problem. Ventilatory dysfunction often develops initially and is the first 
organ to fail. This can be followed by right ventricular failure which may 
not be evident clinically, at least initially. Hepatic failure and renal 
failure develop next and other organs fail sequentially. Common underly- 
ing factors found in patients with this syndrome include: 


1. A major extensive operation, especially procedures in which technical 
problems are common, or multiple systems injury and extensive soft tissue injury 
or severe inflammatory diseases such as pancreatitis or end-stage gastrointestinal 
perforations exist. 

2. There is often a period of shock with the injury or during the operation in 
which seemingly successful resuscitation of the patient from this initial circula- 
tory problem may have taken place. 

3. Multiple blood transfusions and other fluid therapy are required. 

4. Cardiovascular instability with arrhythmias, tachycardia, and marginal 
cardiac output which may be difficult to document clinically. 

5. Renal injury or alterations in renal blood flow which are difficult to 
document clinically until complete renal failure occurs. 

6. Atelectasis, aspiration, fat embolism, and other problems may accumulate 
to produce marginal ventilatory function and eventual failure. 

7. Altered hepatic function, often unclear initially, only becomes evident 
later and its impact on homeostatic processes is not well understood. 

8. An altered or depressed immune response is often present which may 
occur with the injury by circulating immunosuppressive factors and be accen- 
tuated by catabolism and inability to mount an adequate host defense against 
invasive infection. 

9. Major bleeding during the initial insult or continuing afterward. 

10. The final critical ingredient in such patients, following the initial insult or 
after several organs have failed, is the development of invasive infection, particu- 
larly within the body cavities. In recent reviews of this syndrome, invasive sepsis 
has been perhaps the most characteristic and common ingredient." 
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An awareness of the setting and of the various problems contributing 
to this syndrome allow us to predict the possibilities of organ failure and 
to maintain or continue to support these organs before they fail. Close 
observation of cardiovascular function including the adequacy of tissue 
perfusion and detailed information regarding renal function on an ongo- 
ing basis permits support of these organ systems. Support of ventilation, 
not allowing the lungs to become atelectatic or to fail, may prevent the 
initiation of the whole complex of multiple organ failure. Metabolic 
support and decreasing the likelihood of infection by attention to tech- 
nique, to drainage, and to other matters will often provide adequate 
support for the patient. 


Understanding the Relationships Between Systems and Between 
Disease Processes and Systems Failure 


An important area of study is that of the frequency and possible 
causes of organ failure in association with a disease process that is remote 
to that organ. We recognized some years ago in our intensive care unit 
that ventilatory dysfunction and failure was still the most common early 
postoperative problem, but ventilatory failure alone should rarely be fatal. 
Ventilatory failure, however, was occurring more commonly with severe 
sepsis and had a higher mortality. We also observed that renal failure 
alone was rarely fatal, but renal failure seemed to occur more often with 
ventilatory failure and sepsis than after shock, which had previously been 
the primary cause. We began to recognize that intraabdominal sepsis 
or peritonitis should be considered in any patient in whom ventilatory 
failure developed postoperatively or after injury. If the patient was febrile 
and toxic and had worsening ventilatory function, or if a patient who had 
stable ventilatory failure deteriorated, this indicated an intraabdominal 
focus of infection which required drainage. We began to recognize that 
organ failure may be the first evidence of a septic process, particularly in 
the peritoneal cavity. Thus ventilatory failure, renal failure, or hepatic 
failure after an abdominal injury or operation may indeed suggest occult 
abdominal sepsis.‘ Polk et al.'° described remote organ failure as a septic 
process contributing to organ failure in remote organs. Vito et al.” 
described the process of sepsis presenting as acute respiratory insuf- 
ficiency. The exact cause or causes of these relationships are not known, 
although it seems reasonable to assume that a septic process by tissue 
necrosis produces products that can damage the capillary-alveolar mem- 
brane of the lung. 

The frequent development of respiratory failure in patients with 
pancreatitis suggests that this may be another organ-associative phe- 
nomenon. The retroperitoneal necrotic process may produce or liberate 
substances such as phospholipase A, various vasoactive materials, or free 
fatty acids which may damage the pulmonary capillary-alveolar mem- 
brane and produce the adult respiratory distress syndrome or post- 
traumatic pulmonary insufficiency. The important point in these rela- 
tionships is to recognize that the lungs must be supported and prevented 
from failing rather than waiting for this inevitable occurrence with its 
potential domino effect on other organs. 
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Some years ago renal failure occurred primarily after episodes of 
hypotension and shock. Recently in surgical patients renal failure has 
occurred most commonly with a septic process. The exact relationship of 
these two phenomena is not totally clear. A septic process requires a 
hyperdynamic circulation with increased cardiac output and probably 
increased renal blood flow which tends to produce polyuria. Also, there is 
evidence that a septic process may produce a juxtaglomerular tubular 
injury with decreased medullary hypertonicity and decreased reabsorp- 
tion of water from the collecting tubules.'! This abnormality may also 
contribute to the kidneys putting out larger volumes of urine. If the 
vascular volume and extracellular fluid volume are not maintained at a 
normal level, in a septic patient with a high urine output, such as 75 to 
150 ml per hour, renal blood flow may decrease and cortical ischemia 
develop. This may not be recognized because of the seemingly adequate 
urine output. Thus in a septic patient it is important to recognize that 
adequate urine output alone is not sufficient evidence that the kidneys 
are well perfused and functioning normally. Our standard measurement 
of an adequate circulation, normal urine output, is no longer as reliable. 
The urine sodium must be monitored. The only suggestion that renal 
perfusion may be decreasing and that the kidney may be becoming 
ischemic is a low urine sodium, which would indicate the need for a 
larger intravenous fluid volume to support the circulation in spite of the 
large urine output. 

The hepatorenal syndrome is a clear example of the organ-associative 
phenomenon in which failure of one organ contributes to failure in 
another. There may be many other examples as we learn more about 
these very sick patients. In the patient with severe liver disease there is 
often high cardiac output or hyperdynamic circulation with low periph- 
eral vascular resistance which tends to shift blood flow away from the 
kidney. These patients also have secondary hyperaldosteronism because 
the sick liver cannot break down aldosterone. This may decrease renal 
cortical blood flow. In such a setting a minor circulatory change, a small 
hemorrhage, a paracentesis, or other event that in a normal individual 
would be innocuous may be sufficient to further reduce renal blood flow 
and produce renal failure and the hepatorenal syndrome. Support for this 
relationship is provided by the fact that a kidney from such a patient can 
be removed and transplanted and will later function normally. 

Another organ-associative phenomenon is the development of high 
pulmonary vascular resistance in patients with acute respiratory fail- 
ure.** The exact reason for this associated problem is not well understood; 
however, it sets the stage for overload of the right side of the heart, 
right-sided cardiac failure, and the potential contribution to multiple 
failure in other organs. High right-sided cardiac pressure increases the 
venous pressure of the kidney and liver and may suggest the need for 
decreased volumes of fluid, whereas left-sided cardiac pressures may 
actually be low and cardiac output could be decreasing. Recognition of 
this phenomenon will allow the surgeon to better support the circulation. 

Alterations in the liver which have not been recognized in the past 
often occur after injury or operation. It is clear that failure or problems in 
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other organs, especially those of sepsis, produce alterations in the liver 
and in hepatocyte function. After injury an early mild elevation in 
bilirubin level is due only to transfusions, hematomas, and anesthesia, 
and is transient. Bilirubin levels of higher than 2 to 3 mg per dl for four to 
six days probably result from hepatic dysfunction produced by decreased 
hepatic blood flow and cellular damage with intrahepatic cholestasis.'® A 
higher level of bilirubin, an enlarged tender liver, and other factors 
suggest a septic process. We must now recognize post-traumatic hepatic 
failure in the same way as it occurs in the kidney and in the lung. A better 
understanding of the effects of hepatic failure on homeostasis is needed. 

Recent studies have demonstrated that host resistance or the ability 
of an individual to resist infection is depressed after injury or operation by 
a number of factors.?"° Recognition of these factors will allow us to 
provide better support and to decrease the likelihood of overwhelming or 
invasive infection. It is now clearly documented that after injury or 
operation a circulating immunosuppressive factor can be demonstrated 
in the serum. However, the exact nature and clinical significance of this 
immunosuppressive factor are still not well understood.'’ A second factor 
that alters host resistance is shock or hypotension, resulting in depres- 
sion of the reticuloendothelial system and depression in white cell 
function and the capability for opsonization and phagocytosis of organ- 
isms and other materials. The third factor is nutritional deficiency which 
is now recognized as being associated with depression of both T and B 
lymphocyte function. Portions of the complement system, such as the 
C-3 portion, are also depressed. All of these factors—a circulating im- 
munosuppressive factor, shock or circulatory failure, and metabolic and 
nutritional deficiency—tend to decrease resistance in the injured and 
operated patient.'* 

Knowledge of organ-associative phenomena and the relationships of 
one system to another alert us in certain circumstances to the need for 
support of various specific organs. Use of this knowledge may allow 
interruption of the cycle of deterioration. 


Prevention of Multiple Systems Failure by Support of Organs and 
Systems Before They Fail 


Although better methods of support of failed organs will be devel- 
oped, multiple systems failure should be preventable in many patients by 
not allowing organs to fail either singly or multiply. This requires a 
prospective approach to the problem: 

A. Evaluation of organ function preoperatively is necessary, specif- 
ically for assessment of the limits or weak links of each of the various 
organ systems before an elective procedure or an urgent operation. A 
multiple organ approach to preoperative evaluation will allow us to go 
beyond the simple fact of whether or not the patient will tolerate an 
operation to organs that may be in jeopardy, and how. The review of 
systems must be more than just a history of past disease processes; it 
must be a checklist of organ vulnerability. 

B. Preoperative improvement in organ function wherever possible 
by precise treatment or delay of urgent or elective operations while 
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support is provided may be life-saving. In many circumstances an organ 
with limitation in function can be improved or strengthened or supported 
prior to an elective procedure. Patients without renal function on chronic 
dialysis have had cardiac operations with minimal complications. 

C. Adequate, accurate support during the operation with monitoring 
of the various organs and their activities is important beyond simple 
measurement of urine output and blood pressure. 

D. A concise operation is required using fail-safe methods for anas- 
tomoses and for elimination of potential hazards, dead spaces, fluid and 
blood accumulations, necrotic tissue, and wound breakdown. 

E. Postoperative care must anticipate the possibility of organ failure 
in the various settings and include study of interorgan relationships and 
dependencies. At present organ function can be supported and main- 
tained without failure in many circumstances. In order to do this we must 
try to: 

1. Prevent ventilatory failure by: 


a. Continuing assisted ventilation with an endotracheal or nasotracheal 
tube until the hazard of pulmonary problems is over in patients with infection, 
peritonitis, and pancreatitis. 

b. Using positive end expiratory pressure (PEEP) or continuous positive 
airway pressure (CPAP) early after injury in order to prevent progressive atelec- 
tasis and ventilatory failure. Early use of continuous or positive airway pressure 
will help to prevent ventilatory failure and pulmonary problems. '*”° This should be 
combined with intermittent mandatory ventilation (IMV), so that the patient 
continues to use ventilatory muscles and breathes spontaneously as much as 
possible. 

c. Using ventilatory support before the lungs fail. Look for early signs of 
difficulty and support ventilation, not allowing the lungs to fail or the patient to get 
into difficulty. 

d. Avoiding fluid overload which may jeopardize the lung, particularly 
colloid overload, during the initial resuscitative period after injury. A urine ouput 
of 50 ml per hour is adequate. If this is exceeded, fluid overload may be occurring 
even though it is not evident clinically. This could jeopardize the lung. 

e. Realizing that adequate fluid support of the kidneys and of the circulation 
early after injury or during operation may jeopardize the lungs. In some patients 
there may be no way to avoid this. A falling arterial oxygen tension PO, after fluid 
resuscitation may respond to diuretics, but beware of producing hypovolemia. 
Mannitol may help in improving pulmonary function in such a circumstance.” 
Albumin used in resuscitation may produce problems for the lung, particularly 
with pulmonary injury, by getting outside the alveolar-capillary membrane and 
contributing to interstitial edema and other problems."° 

f. Insisting on the use of intermittent mandatory alveolar inflation during 
operation, during resuscitation, and during the immediate postoperative period. 
Often during resuscitation and during an operation for trauma there is failure to 
maintain alveolar inflation by sighing and deep breathing. 

g. Using vigorous methods such as the incentive spirometer to maintain 
alveolar inflation and prevent atelectasis will lessen the incidence of ventilatory 
failure. 


2. Prevent circulatory failure by the judicious use of volume re- 
placement, vasoactive drugs, and other assistance mechanisms: 


a. A marginal circulation probably underlies all organ failure, with reduced 
organ flow, altered interorgan distribution, or elevated venous pressure. It is 
important, therefore, to measure right atrial pressure, cardiac output, and left 
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atrial pressure where necessary with the use of a Swan-Ganz catheter, and to try to 
estimate organ blood flow as best possible. 

b. Volume replacement for injured and operated patients should be rapid 
and adequate, but not overdone, producing a good arterial perfusion response 
without elevating venous pressures to excessive levels. The intravenous solutions 
to be used include Ringer’s lactate, normal saline solution, blood, and blood 
components. Albumin is not only expensive but may be harmful in the resuscita- 
tion of injured patients. Plasma protein fractions and other such preparations 
should be avoided in this group of patients because they may produce hypotension 
by the presence of prekallikrein activators. ' 

c. Use inotropic support early by drugs with a clear-cut beta or stimulatory 
effect on the myocardium. These drugs include epinephrine, isoproterenol, and 
dopamine. Dopamine may be the best all-around vasoactive agent available with 
an inotropic effect that increases the contractility of the myocardium. Dopamine 
also has some specific effect in aiding the circulation to the kidneys. Be careful 
with dopamine, however, in patients with ventilatory failure or in those with 
pulmonary hypertension or after cardiac operations. Dopamine may increase 
pulmonary vascular resistance and contribute to right heart failure. There are new 
agents which may have a role, such as dobutamine and amrinone, both of which 
have a positive inotropic effect. When volume replacement does not produce 
normal cirulation and venous pressures become elevated indicating that volume 
replacement has been adequate, then a specific inotropic agent is needed, not a 
vasoconstrictor agent. 

d. Vasoconstrictor agents should be avoided until volume replacement has 
been completed, and then used only if the specific problem is that of decreased 
vascular resistance, such as with cardiac arrest, with spinal shock, and in other 
situations in which peripheral vascular resistance is overtly decreased. 

e. Treat the circulation, not the pH. A low arterial pH caused by metabolic 
acidosis is the result of an inadequate circulation in the absence of diabetes. This 
requires circulatory support with volume and inotropic agents in addition to the 
use of sodium bicarbonate as a buffer. Giving a buffer alone or in large amounts 
will not solve the problem. 

f. Evidence is divided as to how much damage or difficulty the particles that 
exist in bank blood produce when a patient is given multiple blood transfusions. 
There are particles in bank blood which can be removed by the available Dacron or 
polyester microfilters down to 20 to 40 microns in size. Whether or not there is any 
practical advantage to this, however, is difficult to establish. In otherwise normal 
individuals receiving many transfusions these filters seem to make no differ- 
ence.”*® In older individuals with pulmonary problems receiving multiple trans- 
fusions, it could make some difference. These filters should not be allowed to 
interfere with massive blood replacement when needed. 

g. In certain patients, decreasing the afterload on the left ventricle of the 
heart by agents such as sodium nitroprusside may be helpful. In other patients 
with general surgical problems, the use of an intraaortic balloon to support the 
circulation during a period of stress may be necessary.’ 

h. The use of pharmacologic doses of steroids in patients with septic shock 
is still somewhat controversial.” However, the possibility of acute adrenocortical 
insufficiency must be kept in mind.** 


3. Prevent renal failure: 


a. Blood volume, cardiac output, renal blood flow, and urine output must be 
maintained. 

b. To monitor adequacy of renal function, urine composition as well as 
volume must be measured. Be cautious about renal function in a patient with 
sepsis because of the hazard of development of renal failure even with adequate 
urine output or polyuria. Urine sodium concentration must be measured. In a 
septic patient with adequate urine output a low urine sodium is a signal that the 
kidney, though putting out normal amounts of urine, is trying to maintain vascular 
volume by conserving sodium. Such a patient needs increased vascular volume 
replacement is spite of normal urine output. 
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c. Early use of diuretics with adequate vascular volume replacement may 
help to convert oliguric renal failure into high-output renal failure. The morbidity 
and mortality of high-output renal failure are much less. Many patients will 
survive after a short period of renal failure if they can be brought back from the 
edge of oliguric or anuric renal failure to the high-output problem. 

d. Be careful with the patient who may be hypovolemic or made 
hypovolemic by diuretic therapy. A combination of volume and a diuretic may be 
necessary. 

e. Early use of dialysis in the injured and operated patient with oliguric or 
anuric renal failure is important to prevent the complications of uremia and to 
allow the patient to recover without the develpment of infection and other 
problems that lead to multiple organ failure. Nutritional support to decrease 
metabolic load with the use of specific amino acid solutions is important. 


4. Methods to prevent hepatic failure are nonspecific because we 
have no hour-by-hour methods for monitoring hepatic function in order to 
recognize early hepatic inadequacy. It is clear, however, that maintain- 
ing an adequate circulation will help the liver to function normally and 
prevent hepatocyte damage. Continuous adequate nutritional support 
will provide the substrate that the liver needs to maintain its functions. 
There is evidence in burn patients that maintaining an adequate glucose 
intake will help to maintain hepatocyte function in order to carry out the 
metabolic activities of the liver.'® 

5. Failure of the gastrointestinal tract, particularly by erosion, pro- 
ducing bleeding and perforation, should be totally preventable in injured 
and operated patients by emptying the stomach with a nasogastric tube, 
keeping it empty, and titrating gastric acidity every hour or two to a pH of 
3.5 to 4 or above with antacids. It is now well documented in prospective 
randomized trials in injured and burned patients that this approach will 
almost totally prevent the problems of stress ulcer bleeding or perfora- 
tion.?! Whether or not cimetidine will play a major role in this is still not 
known. It is clear, however, that the use of cimetidine alone is not 
adequate, and there are many treatment failures with it. Some patients 
will have difficulty with mucosal failure and bleeding in spite of all 
therapy; sepsis may be the underlying problem just as it is in other 
multiple organ difficulties. 

6. Nutritional failure must be prevented: 


a. Nutritional support should be provided for any patient after an injury or 
with an operation when there has been previous depletion. Support should then be 
started shortly after the operation or after resuscitation from the injury. In an 
otherwise normal individual after an injury or an elective operation, total nutri- 
tional support should be considered if, within four to five days, it is apparent that 
the patient will not be able to resume adequate oral intake immediately and 
certainly if, after one week, caloric intake is not normal for that phase of recovery.”’ 

b. Ifthe gut is intact, simple methods for use of the gastrointestinal tract in 
the immediate postoperative period, such as the insertion of a small catheter in the 
jejunum, a catheter jejunostomy, or the use of elemental diets or other formulae 
with triglycerides, are effective. The small bowel will often function shortly after 
an operation, whereas the ileus of the stomach and colon take longer to recover. By 
avoiding the stomach and duodenum, adequate caloric replacement can be 
provided." 

c. Considerable nutritional support can be provided by a peripheral access 
route using 10 per cent dextrose in water, amino acid solutions, and intravenous 
fat solutions such as Intralipid. It is presently difficult to provide total nutritional 
support by this means, and this must be considered to be supplemental. 
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d. For patients requiring total nutritional support, especially when nutri- 
tional needs are great (caloric requirement of more than 2500 calories per day), a 
central access route with the standard hyperalimentation or total parenteral 
nutritional formulas must be used with hypertonic glucose, amino acids, and 
Intralipid if needed. Opinion is still divided as to whether Intralipid will provide for 
positive nitrogen balance when it is the major caloric source in the severely 
injured individual.*® 

e. Monitoring of adequate nutritional support should be carried out on the 
basis of the appearance of the patient, daily weight, albumin and transferin serum 
levels, and the use of skin tests to determine whether the patient has continuing 
anergy or will respond to nonspecific skin antigens, suggesting nutritional support 
for the immune system.'® 


7. The prevention of infection is the keystone in the prevention of all 
organ system failure. 


a. With tissue injury, appropriate antibiotics should be used during the 
critical period of bacterial invasion. It is well established that antibiotics have a 
positive effect on preventing infection in contaminated tissue only within the first 
four hours of bacterial invasion, and after that may indeed be harmful. Thus, 
antibiotics in injured and operated patients must be started just before the 
operation, continued during it, and stopped shortly thereafter in order to be most 
effective.®?? They should be used only when there is contamination, such as in an 
accidental wound, colon surgery, peritonitis, and when prosthetic materials are 
being inserted. 

b. Early drainage of septic foci, elimination of continuing peritoneal con- 
tamination, and lightening the load of necrotic tissue that may contribute to 
invasive infection are critical. Use of ultrasound and CT scanning may identify 
abdominal collections and abscesses. 

c. Prevention of infection in the peritoneal cavity after abdominal proce- 
dures and particularly after injuries is critical. Clear evidence as to how to do this, 
however, is lacking. Extensive saline irrigation to decrease bacterial load is helpful 
along with appropriate and judicious drainage where needed. Drains for septic 
collections must be left in place for longer than five to six days in order to clear the 
tract and drained area of contamination. Other methods of reducing the problem 
and of treating severe peritonitis have included antibiotic peritoneal lavage, 
continuous peritoneal lavage, and radical surgical debridement.'””* In radical 
peritoneal debridement, peritoneal detritus, pseudomembranes, and all exudates 
are removed by suction, forceps, debridement, and general dissection. It still is not 
clear, however, how much advantage this offers-in patients with generalized 
peritonitis. 

d. Support of host resistance by maintenance of nutrition and an adequate 
circulation are important. Nonspecific ways of trying to increase host resistance 
after operation or injury are being evaluated, but are not of practical value as yet. It 
is well documented that patients with depressed host resistance, as measured by 
several means, will have an increased chance of survival with adequate nutritional 
support that improves these various measurements. ® 


8. For the future, in order to prevent multiple systems failure in 
more patients, we must increase our efforts to: 


a. Learn how better to support the circulation and the kidneys without 
jeopardizing the lungs. 

b. Define the relationship of sepsis to pulmonary and renal damage. 

c. Learn how better to support host defense mechanisms and the immune 
system with a better definition of their relationships to protein-calorie malnutrition 
and the significance of circulating immunosuppressive factors. 

d. Investigate the possibility of biochemical support of cell and organ 
function by substrate and energy administration, which may be helpful. 

e. Better define the effects of impaired hepatic function on other organs and 
general homeostasis. 


PREVENTION OF MULTIPLE SYSTEMS FAILURE Lay 


f. Explore methods to increase resistance to infection. 

g. Learn to provide better total intravenous nutrition by peripheral vein 
access. 

h. Study whether there are combinations of insults, such as hypoxemia- 
underperfusion lesion. 

i. Better define the clinical manifestations of cell swelling with underperfu- 
sion of cells and organs. 

j. Learn how to improve organ reflow after a period of ischemia. 

k. Try to determine whether there is a general problem of cell oxygenation, 
or local blood flow, or both associated with infection, bacteremia, or septicemia. 


Solutions to these problems should be forthcoming but are not 
presently clinically available. 


Conclusion 


Our ultimate goal must be to prevent organ failure and, in particular, 
to prevent the sequence of multiple organ failure so that this syndrome 
will gradually be decreased in frequency and severity. If we are able to do 
this, increased numbers of patients will survive and fare better. Certainly 
there will be new limitations on our capability which will continue to 
appear. 
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Attitudes toward the surgical treatment of female breast cancer have 
changed markedly over the past decade. Breast cancer was first described 
in the Edwin Smith Papyrus written some 3000 years z.c. but it was not 
until 1600 that amputation of the breast was suggested as therapy. 
Angelo Nannoni*® in 1746 detailed an operation that excised breast, 
underlying pectoral major muscle with its fascia, and the “hardened 
axillary glands” as specific therapy for breast cancer, and succeeding 
generations of surgeons added variations to the basic theme of mastec- 
tomy. Halsted® in 1891 described his method of mastectomy, and for 
seven succeeding decades this radical operation was the treatment of 
choice for patients with technically resectable breast cancer. In 1972 
Crile? summarized his clinical experience of many years using local 
resection of the tumor with or without postoperative radiation therapy 
and for the first time made an impressive argument for local resection in 
selected patients to preserve the breast and avoid the physical and 
psychological mutilation of mastectomy. 

Randomized clinical trials with local resection and adequate radia- 
tion therapy as one choice have not as yet been reported (although two are 
in progress) but there are numerous data from nonrandomized studies of 
this method which indicate that survival and local control rates are no 
different than with mastectomy.*'°'!:" The present report details data 
from 83 patients with TNM stage I and stage II lesions treated by local 
resection and radical radiation therapy at the Yale-New Haven Medical 
Center. Some of these data on recurrence and survival five years after 
therapy were previously reported.'? The current report updates this 
clinical material and adds data from patients treated since the original 
report in 1975. 
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MATERIALS AND METHODS 


Eighty-three patients are reported including 30 women analyzed for 
recurrence and survival in 1975’ and an additional 53 women treated 
since that report. Actuarial 10-year overall and relapse-free survival 
curves have been constructed according to the method of Berkson and 
Gage.' The time of first recurrence was utilized in these determinations, 
and patients who died of causes other than breast cancer were removed 
from further statistical consideration in the interval in which they died. 
Wide excisional biopsy of the primary tumor was accomplished in all but 
five women in whom needle biopsy was performed to establish the 
diagnosis. Only invasive carcinomas are included in this study. 

Initially in the 1960s most patients were referred for radiation 
therapy because of a medical contraindication to surgery, but more 
recently most patients have actively sought out this procedure as an 
alternative to mastectomy. Excluded from this analysis are patients who 
underwent radiotherapy for a second primary lesion of the breast (the first 
having been treated with mastectomy) and irradiated patients in whom a 
primary lesion of the opposite breast subsequently developed. 

The technique of radiation therapy has evolved somewhat over the 
years, and the current treatment philosophy is radical, with the entire 
breast being treated as well as all of the adjacent draining lymph nodes, 
that is, ipsilateral internal mammary, supraclavicular, and axillary 
nodes. A 6 MeV linear accelerator is used for the photon portion of the 
treatment with a 35 MeV Sagittaire accelerator used for electron beam 
therapy. The use of supervoltage is mandatory to achieve a good long- 
term cosmetic result. 

The supraclavicular and axillary nodes are treated with a single en 
face field extending laterally from a point just lateral to the trachea to just 
beyond the humeral head. This field extends inferiorly to the second 
intercostal space. 

A separate internal mammary field is used extending inferiorly from 
the second intercostal space to the lower margin of the breast, with the 
medial border being 1 cm to the contralateral side and the lateral border 5 
cm to the ipsilateral side. Half the internal mammary dose is given with 6 
MeV photons and the other half with 13 MeV electrons, the dose being 
calculated at a depth of 3 cm. Tangential fields are used to cover the 
breast itself with wedge filters employed to make the dose homogeneous 
throughout the fields and with bolus generally not being used. 

Doses of 4500 to 5000 rads (200 rads per day, four and one-half to five 
weeks’ time overall) are given to the breast and draining lymph nodes, 
and then a booster dose of approximately 1500 rads to the portion of the 
breast where the tumor was excised. The volume receiving the booster dose 
is usually about 25 per cent of the breast. The boost was initially carried 
out with a '°iridium implant but more recently external electron beam 
therapy has been used. 

Stage II patients, by virtue of palpable axillary disease, undergo an 
axillary dissection and the axilla is not irradiated. Operation is necessary 
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for palpable axillary disease because the dose of radiation necessary to 
control clinically evident tumor is in excess of 6000 rads. Such a dose 
leads to an unacceptable frequency of such complications as arm edema, 
shoulder limitation, and brachial plexus injury. 


RESULTS 


During the years 1962 to 1977, 83 patients with clinical stage I and II 
breast cancer were treated at the Yale-New Haven Medical Center 
primarily with radiation and without mastectomy. Sixty-two of the 83 
patients are alive and free of disease, with follow-up ranging from one 
and one-half to 13 years (Table 1). Another seven patients have died from 
other causes without recurrence of breast cancer. Only 14 patients have 
either died of breast cancer or are alive with recurrence. 

The overall actuarial survival is 89 per cent at five and 10 years, and 
the relapse-free survival is 78 per cent at five and 10 years (Fig. 1). For 
stage I patients the overall survival is 91 per cent at five and 10 years with 
a relapse-free survival of 86 per cent at five and 10 years (Fig. 2). For 
stage II »atients the corresponding actuarial survival figures are 86 per 
cent at five and 10 years and the relapse-free survival is 68 per cent at five 
and 10 years (Fig. 3). 

In eight of the 83 patients a local recurrence has developed (Table 2): 
in four patients, in the breast itself; in two, in the breast and regional 
lymph nodes; and in two, in the nodes only. Axillary or supraclavicular 
nodes were each involved in two patients. Six of the eight patients had 
metastases simultaneously with the local recurrence and mastectomy 
was not necessary for local control. One patient with no evidence of 
distant disease at the time of local recurrence had a total mastectomy and 
distant metastases subsequently developed. One patient developed axil- 
lary recurrence only, had an axillary dissection, and is free of disease. 


COMPLICATIONS 


Sixteen patients sustained a total of 20 complications (Table 3), none 
of them life-threatening, almost all reversible, and most occurring in the 


Table 1. Survival Status 


STAGE I STAGE II TOTAL 
Alive, free of disease 39 23 62 
Dead, free of disease 3 4 A 
Dead of disease 2 4 6 
Alive with disease 2 6 8 
TOTAL 46 37 83 
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Figure 1. Actuarial survival of 83 patients. Numbers in the graph are patients at risk for 
designated time intervals after diagnosis and treatment. 


Figure 2. Actuarial survival of 46 patients (Stage I). Numbers in the graph are patients at 
risk for designated time intervals after diagnosis and treatment. 


Figure 3. Actuarial survival of 37 patients (Stage II). Numbers in the graph are patients 
at risk for designated time intervals after diagnosis and treatment. 
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Table 2. Local Recurrence 
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Total incidence: 8 of 83 patients 
Location: 4 in breast 
2 in breast and nodes 
2 in nodes 
Relation to dose: 5 of 62 patients with external beam boost 


1 of 14 patients with implant 
2 of 7 patients without boost 
Outcome: 6 patients > metastases 
1 patient — mastectomy — mets 
1 patient — axillary dissection ~NED 
a a a a ee ee 


Table 3. Complications of Radiation Therapy 


Radiation pneumonitis 

Limitation of arm motion 

Rib fractures 

Arm edema 

Brachial plexus injury 

Herpes zoster 

Excessive breast fibrosis 
TOTAL PATIENTS 


ONRPRPHNWU 


wo 


early years of this program. Their frequency has been reduced consid- 
erably with technical changes in radiation therapy. 

Potentially the most worrisome complication is radiation 
pneumonitis, which occurred in five patients but did not require treat- 
ment. Two of these patients subsequently died of metastatic disease 
including pulmonary metastases. The other three have no significant 
residual pulmonary impairment. 

Three patients have some limitation of arm movement which is 
permanent but all can raise their arms above their heads. One of these 
three also has edema of the arm. Rib fractures occurred in two patients 
which healed spontaneously, one patient has a mild brachial plexus 
injury (paresthesia), and herpes zoster developed in one patient which 
resolved. 

A second cancer developed in two patients, one a fibrous his- 
tiocytoma of the lung and the other a carcinoma of the cecum. The lung 
tumor was on the same side as the breast carcinoma and this area may 
have received some scattered irradiation. Any relationship of this cancer 
to the breast irradiation is entirely conjectural. 

Cosmetic results were personally assessed by one or more of the 
authors in 73 of the 83 patients and were categorized as excellent (no 
detectable radiation changes), good (changes such as fibrosis, telangec- 
tasias, tanning, retraction, or edema, but all to a very slight extent), fair 
(the same changes but more extensive), and poor (radiation changes to 
the extent that mastectomy would have been preferable). Twenty-eight 
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patients had an excellent cosmetic result, 29 good, 14 fair, and two poor. 
The more recently treated patients had better cosmetic results, as tech- 
nique was modified. 


AXILLARY NODE STATUS AND ADJUVANT SYSTEMIC 
CHEMOTHERAPY 


Seven of the 83 patients in this series had clinically palpable axillary 
disease (N1). Three patients had an axillary dissection completed and 
four did not. Lymph node involvement with tumor was noted in the three 
patients with axillary dissections and none of them had subsequent 
chemotherapy (all refused it). Two of them are alive without disease. 
Four patients with clinically positive nodes did not have axillary dissec- 
tion and three of them are alive and well, one having received adjuvant 
chemotherapy. 

Among the 76 patients who were clinically NO, only two had axillary 
sampling procedures that were positive. One patient received adjuvant 
chemotherapy and is without evidence of disease and one did not receive 
chemotherapy and died of the disease. One other patient (T1 NO) received 
adjuvant chemotherapy, for a total of three patients in the entire series. 
Four patients had prophylactic radiation castration and all are free of 
disease. Two of them had tumors that were estrogen receptor positive and 
two of them had unknown estrogen receptor status. 

In summary, only seven patients received any adjuvant systemic 
treatment and these were among the most recently treated patients. The 
small number of patients with clinically positive nodes did not appear to 
have a prognosis different from that of the stage II patients as a whole. In 
general estrogen receptor status was known for only a small proportion of 
this series, too small for meaningful analysis. 


DISCUSSION 


The present management of breast cancer is centered on the breast 
itself and the regional lymph nodes despite the rapid growth in the past 
decade of adjuvant systemic measures. The fallacy of the viewpoint held 
sacred for so many years that removal of greater amounts of tissue in 
early stage breast cancer would be associated with better prognoses than 
for lesser operations has been demonstrated by many clinical studies 
although acceptance by the surgical community has been slow. Despite 
the extent of mastectomy, similar survival and recurrence rates have 
been noted repeatedly and have forced surgeons to be less radical in their 
operations and to focus attention on the physical and psychological 
disabilities after operation. Increased patient participation in health care 
decision-making has also shifted emphasis to lesser operations for the 
treatment of breast cancer, if such operations are truly associated with 
the same or even better prognoses than with long accepted procedures. 
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The recent consensus meeting in Washington, D.C.” sponsored by the 
National Cancer Institute and the American Cancer Society has added 
support to this change in attitude by emphasizing the very limited role of 
radical mastectomy in the treatment of operable breast cancer today. 

Radiation therapy is an important part of the total therapeutic pro- 
gram when limited surgical resection is performed. Although some early 
clinical experience involved only surgical removal of the tumor, it is now 
accepted that an important part of treatment is radiation administered to 
deliver a sterilizing dose to actual or potential tumor remaining in the 
breast and regional lymph nodes (axillary, internal mammary, and su- 
praclavicular) after operation. There is much clinical data available 
detailing the use of radiation therapy postoperatively and for nonresecta- 
ble primary cancer.* Subclinical disease can be controlled over 90 per 
cent of the time using 4500 to 5000 rads over a five week period of time, 
and small clinical cancer mass (2 to 3 cm in diameter) can be controlled 
with 6000 to 7000 rads. 

Metastatic cancer in axillary lymph nodes has been held by many 
clinicians to be important if adequate therapy, especially adjuvant 
chemotherapy, is to be planned. The role of such drug intervention 
cannot be disputed when the patient presents with stage III or IV disease. 
There is also a strong suggestion that patients with stage II breast cancer 
would also benefit by such “prophylaxis.”'’ Axillary lymph node status, 
however, is less important in patients with stage I breast cancer, and as 
many as three axillary nodes may be involved with cancer in such women 
and still be associated with a prognosis no different from that in women 
in whom no axillary lymph node involvement has been demonstrated.® 
Both in this series and in a group of stage I patients treated by total 
mastectomy and postoperative radiation therapy, in whom axillary lymph 
node status was unknown, the prognosis was comparable to patients in 
whom more extensive operations had been performed and then analyzed 
according to pathologic stage.° 

Less emphasis has been placed on metastatic cancer in lymph nodes 
other than axillary located contiguous to the breast, such as supraclavicu- 
lar and internal mammary nodes. These nodes, which may be involved 
with tumor just as readily as those in the axilla, are surgically excised by 
only the most radical operations rarely done in this country today. These 
nodal areas were included in the radiated area in the present series since 
their inclusion was easily accomplished from a technical viewpoint with 
minimal morbidity. At least one large cooperative trial does demonstrate 
a survival benefit in certain subsets of patients when the internal 
mammary nodes are treated.’ 

Does local excision of breast cancer in conjunction with radiation 
therapy offer the patient the same outlook regarding recurrence and 
longevity as other more extensive procedures with or without radiation 
therapy? This question is the crux of the therapeutic method discussed 
here. It can be said unequivocally that in selected patients with stage I or 
II breast cancer, data regarding survival and recurrence are somewhat 
better than ir many reported series of patients. These improved data 
apply at both five and 10 years after diagnosis and initiation of therapy. 
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SUMMARY 


A reasonable alternative to mastectomy for women with early stage 


breast cancer is wide local excision of the lesion coupled with radical 
radiation therapy. The recurrence and longevity results with this method 
have been as good as, if not better, than standard mastectomy after 10 
years’ clinical experience in a limited number of patients. The physical 
and psychological impact of this therapy is more acceptable than mastec- 
tomy to the woman with breast cancer in its earliest stages. 
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Over the years, the experience gained from resections of cancer of 
the head and neck area has led us to recognize the advantages of 
immediate reconstruction at the time of the initial operation. The failure 
to successfully reconstruct the defect at the time of the resection often 
leads to prolonged disability and a lengthened hospital stay. In addition, 
many of these patients have had radiation to the area which further 
complicates healing. Successful reconstruction requires the use of flap 
tissue with its own good blood supply. 

In the past, reconstruction has often been accomplished by the use of 
large flaps from the forehead, shoulder, or chest, all of which often 
required skin grafts to the donor sites and subsequent operation to divide 
the base of the flap. In recent years, there has been a renaissance of new 
flaps utilizing the musculocutaneous blood supplies. These new tech- 
niques are safe, reliable, and readily available for reconstruction, in one 
stage, at the time of the original operation. 

The first skin-muscle flap was used by Tansini'* in 1896 to recon- 
struct a chest wall defect with the latissimus dorsi muscle after a radical 
mastectomy. D’Este® used this same technique in 1912, and later Hutch- 
ins’ reported using the latissimus dorsi together with a skin graft to 
provide soft tissue coverage at the time of mastectomy. In spite of these 
early reports, the understanding and application of myocutaneous flaps 
first had to await the recognition of the principles of the circulation and 
physiology of skin flaps. 


FLAP CIRCULATION 


One of the basic tenets of plastic surgery has been the empirical 
observation that the surviving length of a skin flap is dependent on a 
certain proportion of the width of the base of the flap that was elevated. 
However, while studying the appearance of the flaps after the injection of 
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vital dyes, Milton’! observed in 1966 that the survival of a skin flap 
depends not on the width of the base, but on the circulation that can be 
provided to the surface. If the length and the width of a flap are doubled, 
the surface area of the flap is quadrupled, but the blood flow entering 
through the base of the flap is only doubled. He proposed, therefore, that 
long flaps could nevertheless be used successfully if they were based on 
known vessels." 

This led McGregor” to distinguish between axial and random pattern 
flaps. An axial pattern flap is nourished by an anatomically recognized 
arteriovenous circulation that follows the long axis of the flap and gives 
off branches to the dermal-subdermal plexus (Fig. 1). A random pattern 
flap has no axial arteriovenous system but is nourished solely from the 
communication of vessels along its dermal-subdermal plexus. Whereas 
the maximum viable length of a random flap is related to its width (this 
ratio may vary depending on its location on the body), an axial flap can be 
elevated to the length of the vessels raised in the flap and can indeed be 
extended beyond the limits of these axial vessels as a random portion. 
This, in fact, has been shown to be true for the groin flap" as well as for 
the deltopectoral flap,'* in which the pectoral portion has an axial pattern 
circulation whereas the deltoid portion has a random pattern. 

The recent experimental evidence and the predictable presence of 
musculocutaneous vessels between muscle masses and the overlying 
skin, as demonstrated by McCraw, Dibbell, and Carraway,''! have been 
significant in recognizing the clinical value of myocutaneous flaps. It has 
permitted one-stage reconstructions of difficult wounds with flaps with- 
out regard to length-width ratios, as long as the muscle has adequate 
circulation. 

Comparisons may be made between cutaneous and myocutaneous 
flaps, for muscles may have similar random or axial blood supplies (see 


RANDOM AXIAL ISLAND 


MYOCUTANEOUS 


SCHEMATIC MYOCUTANEOUS 


Figure 1. Artist’s depiction of various types of cutaneous flaps (above) and analogous 
myocutaneous flaps (center and below). S, segmental; P, perforator; DC, direct cutaneous; 
and MC, musculocutaneous vessels. 
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Fig. 1). As an example, flat muscles such as the pectoralis major, 
latissimus dorsi, and trapezius muscles have vessels that run axially 
along the under surface of the muscle, providing perforating vessels to 
the muscle along its course, and may be elevated with only the necessary 
portions of the muscle along its vascular axis, permitting some of the 
muscle to be left behind. In contrast, round muscles such as the 
sternomastoid, gracilis, and gastrocnemius muscles have more than one 
vessel that provides nourishment to the muscle and may be thought of as 
random myocutaneous flaps that need to be elevated with the entire 
muscle belly. These muscles cannot be split as they would become 
devascularized under such circumstances. 


MYOCUTANEOUS TERRITORIES AND APPLICATIONS 


Sternocleidomastoid Muscle 


The sternocleidomastoid muscle is a round muscle that arises from 
two tendinous fascicles from the sternum and mediai third of the 
clavicle, passing obliquely across the side of the neck to insert on the 


Figure 2. Depiction of the 
three blood supplies to the ster- 
nocleidomastoid (SCM) flap. Occ, 
occipital; ST, superior thyroid; and 
TC, thyrocervical trunk. 


1190 STEPHAN ARIYAN 


[Lp 


ld ale 
7) Tins wh 
Yh 


(lye 


ANN, 
(eae 


Wy 
y ly 
bik 
i 


Figure 3. Above, A paddle of skin outlined on the inferior portion of the ster- 
nocleidomastoid can be elevated on its superior blood supply and transported under the 
mandible to the oral defect. Below, A paddle of skin on the superior portion of the ster- 
nocleidomastoid can be elevated on its inferior blood supply and transported under the 
mandible to the posterior oropharyngeal area. 
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mastoid process. Based on preserved and fresh cadaver dissections, we 
have demonstrated that the sternocleidomastoid muscle has three blood 
supplies (Fig. 2).* The superior blood supply is from the occipital artery, 
the middle blood supply is from the superior thyroid artery, and the 
inferior blood supply is from the thyrocervical trunk. As a result of the 
clarification of these three blood supplies, myocutaneous flaps can be 
designed with a ‘‘paddle”’ of skin attached over the end of a pedicle of the 
sternocleidomastoid muscle which is based on either the superior or 
inferior blood supply (Fig. 3). We have reported the successful recon- 
struction of a variety of oropharyngeal defects in one stage with the 
sternocleidomastoid muscle based on either end.?* The choice is made 
according to the ease with which the skin paddle at the end of the muscle 
pedicle will reach the defect. 

Surgical defects of moderate size (6 by 8 cm) of the tonsillar fossa, 
posterior floor of the mouth, pyriform sinus, or tongue (Fig. 4) can be 


Figure 4. A lesion recurring in the floor of the mouth several months after total 
glossectomy was resected and reconstructed with a paddle of skin on the superior end of the 
sternocleidomastoid (A) and tunneled under the mandible to reach the floor of the mouth (B). 
C, Appearance of the healed floor of the mouth four months later. 
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Figure 5. Appearance of an anterior and lateral floor of the mouth two years after 
reconstruction with a large paddle of skin over the inferior portion of the sternocleidomastoid 
transported under the mandible on the superior blood supply. 


easily resurfaced with this myocutaneous flap based on the inferior blood 
supply. Wounds in the anterior floor of the mouth can be repaired with a 
paddle of skin designed over the lower end of the muscle, with its blood 
supply coming from the superior end (Fig. 5). Larger resections of the 
floor of the mouth which require the removal of a portion of the tongue, 
with or without a rim mandibulectomy, may be repaired with two 
sternocleidomastoid muscle flaps to provide sufficient skin to resurface 
the wound. 

The advantages of this flap is that it allows one-stage reconstruction 
of moderately-sized oropharyngeal defects using local tissues. In each 
case, the donor sites can be closed by local advancement of the neck skin 
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Figure 6. A, The donor site of a paddle of skin on the superior end of the ster- 
nocleidomastoid (patient depicted in Figure 4) was closed with a rhomboid transposition flap 


(B). 


or by the use of local transposition flaps (Fig. 6), eliminating the need for 
skin grafts. Furthermore, these myocutaneous flaps can be used even if 
the neck has been radiated, as long as the outlined skin paddle is soft and 
supple and shows no evidence of radiation edema or induration. 


Pectoralis Major Muscle 


The pectoralis major muscle is a flat, fan-shaped muscle of the upper 
chest, with fibers running horizontally in the upper portion and obliquely 
in the lower portion along a course from the shoulder to the sternum, 
xiphoid, and lower ribs. 

Ariyan! demonstrated by dissections of the chest wall of fresh cadav- 
ers that the main blood supply to this muscle was from the large 
segmental vessel, the thoracoacromial artery, coursing along the under 
surface of the pectoralis major muscle in an axis from the shoulder to the 
xiphoid (Fig. 7). The pectoralis major is an axial myocutaneous flap that 
can be designed with a paddle of skin elevated on its vessels and a narrow 
strip of overlying muscle to ensure protection of the vessels. It may be 
elevated with sufficient muscle and skin to provide bulk to fill cavities, to 
augment contours, and to provide structural support.!* 

If the tumor resection in the oropharyngeal area results in a wound 
that is larger than can be accommodated by a sternocleidomastoid muscle 
flap, more tissue can be provided by the pectoralis major flap. The 
vascular axis of this flap is drawn from the shoulder tip to the xiphoid (see 
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Figure 7. The paddle of skin 
can be patterned to the size and 
shape of the recipient defect and 
outlined over the vascular axis of 
the pectoralis major muscle. 
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Fig. 7), and the skin paddle, patterned in the size and shape of the defect, 
is outlined on this vascular axis. The muscle pedicle is dissected of all its 
attachments, so that it is only attached by the neurovascular pedicle 
under the clavicle. 

If the sternocleidomastoid muscle has been removed during radical 
neck dissection, the pectoralis major muscle pedicle is dissected as wide 
as the resected sternocleidomastoid muscle in order to replace this 
muscle in the neck with an equally sized bulk of pectoralis major muscle. 
The entire flap can then be turned over the clavicle, under the neck skin, 
and under the mandible to the wound in the oropharyngeal area (Fig. 8). 

Malignant tumors of the external auditory canal and mastoid are one 
of the most difficult problems faced by head and neck surgeons. These 
tumors can cause significant disability either from the proximity of the 
disease to the brain, major dural sinuses, carotid artery, and cranial 
nerves, or from the surgical treatment required to control it. Adequate 
tumor resection has often been compromised as a result of the anatomical 
and technical complexity as well as the difficulty of reconstruction. 
Treatment consists of radical en bloc resection together with postopera- 
tive radiation therapy. In earlier reports, the failures were usually due to 
failing skin grafts applied to bone or directly to dura, resulting in 
cerebrospinal fluid leaks and bacterial contamination. The use of the 
pectoralis major myocutaneous flap provides adequate bulk and soft 
tissue to permit healing in this area.'® 
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Figure 8. A paddle of skin on a narrow 
pedicle of pectoralis major muscle (A) after 
tunneling through under the neck flap. B, This 
paddle reconstructed the defect in the 
posterior-lateral tongue and floor of the mouth, 
shown here at three weeks. C, The pectoralis 
major muscle pedicle restores the contour of 
the missing sternocleidomastoid following a 
right radical neck dissection. (From Ariyan, S.: 
The pectoralis major myocutaneous flap. A 
versatile flap for reconstruction in the head and 
neck. Plast. Reconstr. Surg., 63:73, 1979, with 
permission. ) 


Following the radical resection of the temporal bone, the size and 
extent of the defect are determined and an appropriate paddle of skin can 
be outlined over the vascular axis of the pectoralis major muscle (Fig. 9). 
This flap can be tunneled through the neck on its narrow pedicle of 
muscle to cover the defect in one stage. Because the flap provides richly 
vascularized tissue, it facilitates healing and allows postoperative radia- 
tion of this area with a full course of radiation. 


Osteomyocutaneous Free Flap 


The frequent failures of bone grafts in the reconstruction of mandibu- 
lar defects are caused by the poor vascularity in the recipient bed as a 
result of radiation fibrosis or dermal scarring from previous surgical 
procedures, or both. In recent years, as a result of improved techniques in 
microvascular surgery, free osteomyocutaneous rib grafts have been 
used successfully to reconstruct the mandible.’ The goal is to provide 
bone for solid support and soft tissue for lining and contour, and at the 
same time provide a permanent blood supply for the viability of the bone 
graft in the radiated bed. 

After the recipient bed is ready, the flap is outlined on the anterior 
chest over the fifth or sixth rib (Fig. 10). The skin, together with its 
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Figure 9. A large (10 x 15 
cm) paddle of skin on a narrow 
pedicle of muscle (A) was brought 
up to the area of a large defect 
following a radical temporal bone 
resection and radical neck dissec- 
tion (B). C, Appearance of the flap 
one year later. 
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Figure 10. Agnathic deformity from mandibulectomy (A) was reconstructed with a 
composite free flap from the chest with microvascular anastomosis. D, Appearance two years 
later. (From Ariyan, S., and Finseth, F.J.: The anterior chest approach for obtaining free 
osteocutaneous rib grafts. Plast. Reconstr. Surg., 62:676, 1978, with permission.) 
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underlying intercostal muscles and the segment of the rib, is dissected, 
along with the internal mammary artery and vein and intercostal vessels. 
This composite flap of tissue is then transferred to the recipient bed 
where the rib is wired to the ends of the mandibular remnants. The 
internal mammary vessels are anastomosed to an artery and vein of 
appropriate size in the neck with the aid of the operating microscope. The 
rib in this composite graft is nourished by the periosteal blood supply, 
while the skin is nourished by the many fine musculocutaneous vessels. 
The viability of this rib has been demonstrated by radioisotope scans and 
arteriography, as well as by fluorochrome markers and histologic evi- 
dence of the deposition of new osteoid by osteoclasts.” 


CLINICAL EXPERIENCE 


From April 1977 to December 1979, we used ’41 consecutive flaps to 
reconstruct various defects of the head and neck area: 


Sternocleidomastoid 
Oropharyngeal 
Superiorly based 10 
Inferiorly based 9 
Pectoralis major 
Oropharyngeal 12 
Orbital exenteration 3 
Temporal bone 2 
Mandibular resection 3 
Osteomyocutaneous free flap (rib) 2 


Nineteen patients were treated with the sternocleidomastoid flap, 
nine of whom had received a full course of radiation therapy to the 
primary tumor and neck area prior to the operation. All 19 healed without 
infection or significant fistula. There was partial epithelial loss of the skin 
paddle in seven patients, but the wound edges remained intact because of 
healing of the underlying dermis muscle. All seven patients were sent 
home with instructions to rinse their mouths with saline after each meal. 
In each case, the area healed by reepithelialization without further 
surgery. 

Pectoralis major flaps have been even more successful. All 20 flaps 
healed without loss of any portion of the skin paddles. Although the 
wound separated along a portion of the suture line of the skin paddle in 
three patients, the muscle did not separate and the wound healed in each 
patient without further surgery. All of the donor sites were closed by 
generous advancements of chest skin, and none required skin grafts. 
None of the patients has had symptoms related to the loss of a portion of 
the pectoralis major muscle. 

The two osteomyocutaneous free flaps healed without complications. 
One was reconstructed in an area of heavily radiated tissue three years 
after the initial resection (see Fig. 10). In the second case, the entire 
mandible and overlying skin were reconstructed at the time of the 
primary resection for Stage IV carcinoma of the floor of the mouth. This 
resection included the anterior two-thirds of the tongue, the floor of the 
mouth, and the mandible from angle-to-angle with its overlying skin. The 
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defects of the floor of the mouth and the tongue were repaired with an 
inferiorly-based sternocleidomastoid flap. Postoperatively, a full course of 
radiation therapy was applied to the site of the primary tumors and both 
necks without complications. 


SUMMARY 


The development of the new myocutaneous flaps in recent years has 
ushered in an era of early reconstructions with one-stage repairs. The 
availability and reliability of these flaps make them appealing for use at a 
variety of sites. The experience gained from the use of these new flaps 
has confirmed their safety and versatility even within radiated fields. 
Since these flaps permit reconstruction in one stage, patients face less 
disability and their hospital stays are shortened. 
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Within the past decade, there has been a marked increase in the 
frequency with which the diagnosis of pituitary tumor has been made in 
many medical centers. At the Yale-New Haven Medical Center, this 
increase has been eightfold. A large portion of the increase relates to the 
diagnosis of pituitary tumors that produce prolactin, causing hyper- 
prolactinemia and its resulting endocrinopathy. The extent and degree of 
this increase suggest a pandemic, but it is difficult to document an 
epidemic since it is unclear whether the increase is in the frequency of 
diagnosis or in the incidence of the disorder or both. The symptoms of the 
endocrinopathy produced by hyperprolactinemia—amenorrhea, galac- 
torrhea, and various degrees of gonadal dysfunction and infertility—have 
been well known for many years;' however, the natural course of the 
disease in patients with these symptoms has not been well documented 
and portions of or the entire symptom complex are seen in patients who 
have never been diagnosed as having a pituitary tumor and who have no 
evidence of alteration in basal levels of circulating prolactin. Thus, there 
is little information concerning the course of patients with symptoms of 
hyperprolactinemia or in patients known to have hyperprolactinemia in 
whom the laboratory findings have been related to a pituitary tumor. 

The incidence of pituitary tumors in patients with symptoms of 
excess prolactin or with elevated circulating prolactin has been demon- 
strated to vary from almost zero to 100 per cent. The incidence of almost 
zero does not mean that there are no cellular abnormalities in the 
pituitary glands of patients with the syndrome, but rather that frequently 
the changes are those of hyperplasia or adenomatous hyperplasia, 
findings common in any endocrine gland. The cause of such structural 
changes is not known and the hypothesis is that many patients with this 
syndrome and/or laboratory findings of hyperprolactinemia may have 
focal hyperplasia of the pituitary gland which is either incidental or the 
result of unknown external or internal factors but is not the primary 
cause of the disorder. A collateral of such a hypothesis includes the 
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concept that the focal hyperplastic response in the gland may be part of a 
continuum of a glandular response to unknown factors consisting suc- 
cessively of focal hyperplasia, adenomatous change, and tumors with 
significant growth potential. This collateral hypothesis would explain the 
higher incidence of pituitary tumors in patients with the symptom 
complex, with a portion of the incidence being misdiagnosis of 
hyperplasia for tumor and the remainder a response of the gland to the 
factors causing the hyperprolactinemia. The incidence of almost 100 per 
cent relates to the experience of neurosurgeons who, on exploration of 
the sella in patients with the symptom complex and hyperprolactinemia, 
almost always find pituitary tumors and obtain a reversal of the 
symptoms of the endocrinopathy in a large portion of patients after 
removal of the adenoma. 

The concept of incidental pituitary tumors is in part based on the 
finding of pituitary adenomas in the autopsies of patients with no known 
pituitary disease. An incidence of between 8 and 24 per cent has been 
described in series extending from the turn of the century up to the 
present. Although each of the series has had different criteria on which 
the diagnosis of pituitary tumor has been based, the earlier series 
suggested an 8 to 10 per cent incidence and collectively supported the 
concept of incidental pituitary tumors.!'!??!8! In 1936, Costello’ care- 
fully reviewed serial sections of the pituitary in 1000 successive autop- 
sies and reported an incidence of pituitary adenoma of almost 24 per cent. 
In 1971, McCormick and Halmi,”? using a similar technique, reported an 
incidence of 15 per cent in 1600 autopsies. The criteria used for the 
diagnosis are important and their variation is one reason for the variation 
in incidence. For example, Earle and Dillard'’ stated in 1973 that almost 
all pituitary glands have some degree of adenomatous hyperplasia. The 
fact that adenomatous changes in the structure of the pituitary gland 
frequently occur in persons with no history of pituitary dysfunction is 
well established by the above studies but the significance of the finding is 
not. 

Factors that may be related to an increase in the diagnosis of pituitary 
tumors rather than increase in incidence include the recent devel- 
opments of laboratory techniques for measuring circulating hormones, 
particularly prolactin, the refinement of older and the introduction of new 
neuroradiologic techniques, and the development of neurosurgical tech- 
niques associated with low morbidity and mortality. Immunochemical 
techniques that measure small amounts of circulating pituitary hormone 
allow earlier and more accurate diagnosis of an endocrine-active pituitary 
tumor. Development of an assay for circulating prolactin'? and studies 
demonstrating normal levels and the response of prolactin to various 
drugs have been major factors in identifying patients with hyperprolac- 
tinemia in whom the diagnosis of prolactin-secreting adenoma of the 
pituitary gland might be made. Multi-direction x-ray polytomography 
allows more accurate study of the bony sella turcica and, when used with 
computerized tomography, has increased the ability of radiologists to 
accurately diagnose pituitary tumors. 

It has become common and accepted medical practice to determine 
blood levels of prolactin in a patient with problems of fertility, potency, or 
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menstruation. Elevation of circulating prolactin that cannot be explained 
by the use of one of the drugs known to cause hyperprolactinemia is 
considered to be an indication for further study. Although Cushing® in 
1932 and Camp’ in 1949 described the changes in the sella evident on 
plain x-ray skull films which indicated presence of intrasella lesions, 
these changes are now considered quite gross and are rarely found in the 
majority of patients diagnosed as possibly having a pituitary tumor on the 
basis of abnormal blood levels of prolactin. McLachlan,” in 1970, study- 
ing plain x-ray films of the skull and tomograms of 140 patients with 
acromegaly, established radiographic criteria for the diagnosis of pitui- 
tary tumor that continue to be used: subjective enlargement of the sella, 
abnormal shape of the sella, pathologic double contour of the floor of the 
sella, thinning of the lamina dura (floor) of the sella, and erosion of the 
lamina dura. The addition of the thin-section, multi-direction hypocycloi- 
dal x-ray tomography improved the ability of the radiologists to demon- 
strate any or all of these findings. In 1974, Vezino and Sutton* reported 
on 20 patients with prolactin-secreting adenomas of the pituitary with 
normal plain x-ray films of the sella, 14 of whom had abnormal hypocy- 
cloidal tomograms. The finding of an abnormality of the sella by 
polytomography in patients with hyperprolactinemia supported the diag- 
nosis of pituitary tumor, and many clinicians based decisions to treat with 
either surgery or radiation on such support. When computerized axial 
tomography (CT scanning) was introduced, definition of the contents of 
the sella or the small extrasellar extensions of pituitary tumors was not 
possible. Large suprasellar or parasellar extensions of pituitary tumors, 
however, were able to be diagnosed in patients without loss of function of 
parasellar structures, such as the optic chiasm or oculomotor nerves. 
Second and third generation scanners have become available and with 
reconstructive techniques and thinner tomographic cuts, small pituitary 
tumors in or adjacent to the sella may be diagnosed by this technique. 
Although safe and effective transsphenoidal surgery for the treat- 
ment of pituitary tumors had been demonstrated by a number of sur- 
geons, including a series by Cushing’ in the 1920s and 1930s, few 
neurosurgeons have continued this technique because of poor visualiza- 
tion of the tumor, the lack of ability to accurately define the size and 
position of the tumor, and increasing familiarity with intracranial surgery 
in which visualization of both the tumor and adjacent structure is 
possible. The mortality and morbidity for transcranial approaches to the 
pituitary gland during the 1930s through the 1950s varied from 5 per cent 
to 14 per cent but both figures would have been too high to consider a 
transcranial approach toa tumor so small as to be diagnosed only by these 
newer techniques, the symptoms of which were relatively minor and the 
life- or function-threatening potential of which was basically unknown. A 
few neurosurgeons'* continued to perform transsphenoidal surgery for 
pituitary tumors but it was not until Guiot'® added fluoroscopy in the 
1950s and Hardy" added magnification and microsurgical techniques in 
the 1960s that a technique with low morbidity and low mortality (less 
than 1 per cent) became available that could be used to excise pituitary 
adenomas and leave normal pituitary gland behind. This ability to correct 
an endocrinopathy and save pituitary function with almost no morbidity 


1204 WILLIAM F. COLLINS 


or mortality became both a therapeutic and a diagnostic technique. The 
joining of this new surgical technique with new laboratory methods of 
diagnosis was the final step in the development of factors that increased 
the frequency of diagnosis and treatment of pituitary adenomas in many 
centers. 


Studies Involving Laboratory Rodents 


The possibility that a portion or even most of the adenomas so 
diagnosed were not tumors but only hyperplastic response to some 
stimulus was considered, including the possibility that some factor or 
factors in the environment might cause the increase in incidence. 
Spontaneous and induced pituitary adenomas in rodents suggesed possi- 
ble causative factors for the development of pituitary tumors in humans. 
Spontaneous pituitary tumors in laboratory strains of young (prepubertal) 
rats or mice are extremely rare; in most strains of laboratory mice, such 
tumors are rare at any age,”’ but in a few inbred strains the incidence can 
reach 10 per cent in old age.”> In most laboratory strains of rats, the 
incidence of spontaneous pituitary tumors is between 10 and 70 per cent 
in old age. The incidence in both rats and mice is higher in females. 
These findings suggest that genetic factors, aging, and female sex 
determinants affect the development of pituitary adenomas. In 1936, 
Cramer and Horning reported that pituitary tumors developed in 11 of 12 
mice following a six-month series of twice weekly cutaneous application 
of .01 per cent estrogen in chloroform solution. McEuen, Selye, and 
Collip?? showed the same phenomenon in rats, that is, the induction of 
pituitary tumors after administration of estrogen. Gardner and co- 
workers'*'> demonstrated a difference in susceptibility to the induction of 
pituitary tumors in various strains of laboratory mice following the 
administration of estrogen which was similar to the difference in suscep- 
tibility to spontaneous tumors in old age, with some strains almost totally 
resistant and others very susceptible. Rats, in general, were not only 
more susceptible to spontaneous and induced pituitary tumors but larger 
tumors also developed earlier. 

Other factors that may induce pituitary tumors in rodents also show 
differences in their effects on mice and rats as well as on the various 
strains of each. Some strains .of both rats and mice are susceptible to the 
induction of adenomas following castration.’ While ablation of the thyroid 
gland has demonstrated induction of pituitary adenomas in mice, it is not 
clear that thyroidectomy in rats increases the incidence in tumors over 
that seen in controls. Radiation applied to the pituitary gland and 
incidentally to the hypothalamus has also induced pituitary tumors in 
both species. These findings also suggest that genetic factors are in- 
volved in the development of pituitary tumors, that an alteration in the 
hypothalamic pituitary feedback control mechanisms in some strains of 
rodents may induce adenomas, and that estrogen may have a direct 
tumorigenic effect or a secondary effect via the hypothalamus on the 
induction of pituitary adenomas in rodents. That the tumorigenic effect 
of injected estrogens is mediated by the hypothalamus is suggested by 
the work of Brawer et al.,"* who demonstrated anatomical changes in the 
hypothalamic nuclei, particularly the arcuate nucleus, following injec- 
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tion of estradiol valerate. Naftolin and associates?’ have demonstrated 
not only that there are structural changes following ingestion of estro- 
gens but also that aromatization of androgens into estrogens by the 
central nervous system occur, suggesting the possibility that any hor- 
monal steroid may have the effect or potential similar to that of estrogen. 

The role of dopamine in the production of pituitary tumors is not clear 
but recent data indicate both an inhibiting effect on prolactin release and 
growth of adenomas in the pituitary gland.*® There is also evidence to 
suggest opposite effects of estrogen and bromocriptine on the secretion 
and mytosis in prolactin-secreting cells.”° Control of hyperprolactinemia 
by dopamine agonists has been demonstrated and, more recently, control 
of prolactin-secreting adenomas of the pituitary by bromocriptine.*”** 
There is also the suggestion that the increased incidence of adenoma in 
older rodents may relate to the decrease in available dopamine from the 
hypothalamus with advancing age. 

Obviously, the relation between circulating hormones, genetic sus- 
ceptibility, and factors that induce pituitary tumorigenesis in rodents 
cannot be transferred to humans but it cannot be ignored as being 
possibly related to the incidence and type of pituitary adenomas found in 
humans. Lack of information to correlate environmental changes, such 
as the use of various drugs that alter hypothalamic function and the use 
of estrogens for birth control, and/or the production of meat and eggs is 
part of the problem, but, as mentioned earlier, even the inability to know 
the true incidence of pituitary tumors makes the correlation impossible 
even if information concerning changes in environment and their rela- 
tionship to disease were known. Thus the possible pandemic of pituitary 
tumors is an example of a pathologic condition that indicates the need for 
some system to keep track of various disease entities and the various 
environmental changes that occur at frequent intervals in our modern 
society. It is possible that the clarification of factors that cause pituitary 
tumors might help to decipher the more general problem of neoplasia in 
other systems; at least, such a system might flag potential areas of 
danger. 
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Transient difficulty with vesical function after abdominoperineal 
resection for carcinoma of the rectum is not unusual. In males, prostatic 
hypertrophy may be a contributing factor, and prolonged urinary reten- 
tion following abdominoperineal resection is often treated by prostatec- 
tomy. Because postoperative urinary retention is so common, it has been 
suggested that prostatectomy be performed at the time of ab- 
dominoperineal resection as an integral part of that procedure. For a 
number of reasons, including serious urologic complications, this is nota 
good idea. An extensive abdominoperineal resection can injure all of the 
three elements of the motor and sensory innervation of the genitourinary 
tract—parasympathetic, sympathetic, and somatic. If a neural injury is 
responsible for difficulty with lower urinary tract function in the post- 
operative period but is unrecognized, prostatectomy may be unsuccessful 
in relieving the condition or may lead to intractable incontinence. 

The sympathetic innervation of the lower urinary tract is derived 
from the thoracolumbar sympathetic outflow. At the level of the third and 
fourth vertebrae, these fibers ramify about the inferior mesenteric artery. 
About two-thirds of the preganglionic-postganglionic synaptic contact 
occurs in this area. The fibers then continue more distally as the superior 
hypogastric plexus, coursing into the pelvis beneath the parietal 
peritoneum. Once in the pelvis, the nerve fibers follow the general 
pattern of vascular distribution. Lateral to the rectum, beneath the 
peritoneal folds, sympathetic fibers mingle with preganglionic parasym- 
pathetic fibers to form the pelvic plexus. Sympathetic fibers are dis- 
tributed to the rectum, vasa deferens, seminal vesicles, uterus, bladder, 
prostate, and urethra. The majority of sympathetic fibers at the level of 
the lateral rectal folds are postganglionic. Sympathetic activity has an 
important influence on the closing function of urethral smooth muscle 
(the so-called internal sphincter) and probably facilitates the vesical 
accommodation response to filling. Sympathetic discharge closes the 
vesical neck with ejaculation and provides the motor innervation for 
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reflex contraction of the seminal vesicles and ampulla of the vas. Sympa- 
thetic activity is further involvéd in peristaltic seminal transport by the 
vasa deferens. Sympathetic activity has something to do with penile 
erection, although the exact mechanism is not clear. It is probable that 
arterial vasomotor regulation is involved in filling of the corpora caver- 
nosa and that this is influenced by sympathetic activity. 

Inadvertent sympathectomy at the time of dissection of the ret- 
roperitoneal nodes for carcinoma of the testis, which generally occurs at 
or near the takeoff of the inferior mesenteric artery, may result in isolated 
retrograde ejaculation but also may result in total loss of seminal trans- 
port and emission. If only retrograde ejaculation occurs, it is potentially 
reversible with alpha adrenergic agents, but loss of seminal emission and 
transport does not respond to treatment. All of these findings are difficult 
to explain completely and at present remain simply empirical. Neverthe- 
less, significant sexual dysfunction involving erection, ejaculation, and 
seminal transport can result from sympathetic injury. It appears that 
these fibers are most vulnerable in the area of the inferior mesenteric 
artery and, more distally, lateral to the rectum. 

The parasympathetic motor supply to the bladder is derived from the 
sacral spinal cord. The preganglionic fibers are long and reach the target 
organ before they synapse with the postganglionic fibers. Parasympa- 
thetic fibers course in the pelvic splanchnic nerve in close proximity to 
‘sympathetic fibers lateral to the rectum, reaching the bladder, urethra, 
prostate, the base of the penis, and the clitoris. Parasympathetic activity 
results in vesical contraction and urethral relaxation but is also thought 
to induce closure of venous egress from the corpora cavernosa, permit- 
ting erection. A detrusor contraction resulting from parasympathetic 
discharge is associated with loss of pressure of the urethral smooth 
muscle and opening of the vesical outlet. Urethral relaxation is reflexly 
mediated and is not dependent on the pulling open of the urethra by the 
detrusor musculature. The major afferent pathway from the bladder and 
proximal urethra to the spinal cord parallels the parasympathetic motor 
supply. Motor and sensory fibers of the pelvic nerve are most susceptible 
to injury in the area of the lateral rectal folds and posteriorly along the 
sacral concavity. 

The somatic motor nerve.supply to the pelvic floor, external urethral 
sphincter, and external anal sphincter is derived from the S-1 to S-—4 
sacral segments. These are somatic nerves that emerge from the sacral 
foramina, traverse the sacrosciatic notch, and reach the pelvic muscula- 
ture via the ischiorectal fossa. These fibers appear to be most vulnerable 
in the presacral space and ischiorectal fossa. The somatic motor supply to 
the external sphincter and pelvic floor is important in the rhythmic 
contraction of orgasm and ejaculation, and provides the propelling force 
to the seminal bolus. The sensory supply to the penis and to the bulbous 
and pendulous urethra parallels the motor innervation of the pelvic floor. 
Although the skeletal musculature of the urogenital diaphragm, which 
includes the external sphincter, is important in orgasm and ejaculatory 
function and is probably involved in urinary continence, it is not abso- 
lutely essential to that function. 
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Specific Findings After Abdominoperineal Resection 


In the majority of patients, difficulty with spontaneous voiding after 
abdominoperineal resection is transient and responds to drainage by 
Foley catheter or intermittent catheterization. This condition has been 
described as “‘vesical atony,’ but preganglionic parasympathetic neural 
lesions do not induce immediate vesical atony or the loss of bladder 
response to stretch. Atony follows a muscular injury as a result of 
overdistention of the bladder. It may occur as a result of a preganglionic 
lesion but is not invariable and does not occur if the bladder is decom- 
pressed either continuously or periodically. It is likely that a direct 
postganglionic parasympathetic neural injury would induce immediate 
atony as well as detrusor areflexia. This type of injury would have to 
occur within the vesical wall. It is possible, however, that surgical 
dissection in the area of the trigone, seminal vesicles, and proximal 
prostatic urethra during abdominoperineal resection could involve a 
direct injury to the neural plexus of the bladder, in which case post- 
ganglionic neurons might be injured and, therefore, a truly flaccid 
bladder might result. 

Provided that spontaneous voiding is not recovered within a few days 
after operation, particularly in males, prostatic hypertrophy may be 
suspected as the cause of ‘‘obstruction.”” There is no reason to assume 
that abdominoperineal resection causes rampant prostatic hypertrophy. 
Females also have trouble voiding after major pelvic extirpative proce- 
dures including abdominoperineal resection. Moreover, transient urinary 
retention is common postoperatively, and there is usually no reason to 
suspect prostatic hypertrophy as the underlying cause. Retention is 
usually caused by detrusor hypofunction. The fact that many male 
patients do resume voiding after prostatectomy does not constitute proof 
that prostatectomy was the solution to the problem. Patients treated by 
catheter drainage also recover detrusor function, and vesical drainage is 
an integral feature of a prostatectomy. 


Differential Diagnosis of Urinary Retention 


The differential diagnosis of detrusor hypofunction versus prostatic 
obstruction is difficult to make endoscopically. The most reliable differ- 
ential feature in patients with obstructive prostatism is failure of the 
vesical outlet to open fully in the face of a normal reflex detrusor 
contraction. Fluoroscopically, this is seen as failure of the shoulders of 
prostatic tissue at the vesical outlet to move out of the way or lack of 
urethral funneling at the time of a reflex detrusor response. Usually, the 
most distal part of the prostatic and membranous urethra opens widely at 
this point. The findings of a detrusor contraction, suppression of elec- 
tromyographic activity of the pelvic floor, and relaxation of the more 
distal urethral sphincter mechanism with persistent closure of the pros- 
tatic urethra, in the area of the vesical outlet, are diagnostic of prostatic 
obstruction. On the other hand, an areflexic detrusor will tolerate bladder 
filling with equanimity, without a volitionally induced or reflexly 
mediated detrusor contraction. Since no reflex detrusor activity occurs, 
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there is persistent closure of the vesical outlet. Closure of the vesical 
outlet in the absence of a reflex detrusor contraction is normal and is not 
proof of outlet obstruction. The problem is lack of reflex detrusor contrac- 
tility, not outlet obstruction. Decreasing urethral resistance surgically 
will not obviate failure of reflex vesical contractility. 

Most patient with retention after abdominoperineal resection are not 
harmed by prostatectomy even if the procedure is not necessary. How- 
ever, some patients are rendered totally incontinent and still others are 
unable to void despite prostatectomy, which.is compelling reason for not 
performing an operative urologic procedure without clearly establishing 
that reflex detrusor activity is present and that prostatic obstruction 
definitely exists. 


Persistent Parasympathetic Motor Denervation 


In some instances, difficulty with detrusor function is protracted and 
does not respond to a period of catheter drainage. The natural history ofa 
preganglionic parasympathetic motor injury is not well understood. 
Detrusor areflexia occurs as a result of this neural injury, but vesical tone 
is not lost. Tone is the detrusor response to filling. With time, vesical tone 
may become markedly augmented after preganglionic neural injury 
despite the lack of reflex detrusor activity. Since the detrusor is areflexic 


Figure 1. A, Fifteen minute intravenous urogram shows dilated ureters and evidence of 
obstruction in the entire upper urinary collecting system. Study performed three months after 
abdominoperineal resection. The level of ureteral obstruction appears to be at the uretero- 
vesical junction. B, Thirteen minute intravenous pyelogram six months following abdomino- 
perineal resection shows progressive dilatation of the ureters as compared to the initial study. 
Again the level of obstruction appears to be at the ureterovesical junction. 
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as a result of the neural lesion, urethral sphincteric activity cannot be 
modified, as it is a reflexly determined spinal and supraspinal phenome- 
non that occurs concurrently with the total detrusor contractile reflex. 
The sphincteric elements that function exert a static urethral pressure 
despite bladder filling or overfilling. Intravesical pressure as a result of 
bladder tone must increase enough to overcome urethral resistance, 
which is fixed, in order to cause urethral urinary flow. This combination 
of a fixed urethral resistance and a measurable tonic response to filling by 
the detrusor results in very poor bladder storage, urinary incontinence, 
sustained intravesical pressure, and a large residual urine. The bladder 
hypertrophies and becomes trabeculated. In males, preservation of nor- 
mal urethral resistance is associated with relatively high urethral closing 
pressures, and the intravesical pressure necessary to cause urethral 
urinary flow is correspondingly high enough that ureteral function may 
be compromised (Fig. 1). The deleterious effect on ureteral function is 
directly related to the strength of urethral closing mechanism, since this 
determines the intravesical pressure at which urethral urinary flow will 
occur. If intraurethral pressures are high, intravesical pressures must be 
correspondingly high, which may result in back pressure effects on the 
ureter and ultimately lead to renal failure. In cases of complete vesical 
denervation, anticholinergic agents can reduce the tonic response of the 
bladder to filling, and intermittent catheterization can be employed to 
provide for vesical emptying. This protects the upper urinary tract from 
the development of sustained intravesical storage pressure. Reduction in 
outlet resistance in patients with vesical denervation usually results in the 
worsening of incontinence and should not be done unless the situation 
with respect to ureteral or renal function is desperate. Only if reflex 
detrusor activity is clearly reestablished and sphincteric function is 
normal, is prostatectomy safe and likely to be effective after ab- 
dominoperineal resection. 


Urethral Dysfunction 


In the worst of circumstances after abdominoperineal resection, all 
three elements of the motor and sensory innervation of bladder and 
urethra are nonfunctional. These patients are incontinent in the upright 
position owing to a loss of function of the urethral smooth muscle and 
skeletal sphincter (Fig. 2A). Since the bladder is denervated and areflexic 
but not hypertonic in the early stages, these patients may tolerate large 
bladder volumes in the supine position without leakage and therefore 
may appear to have obstructions. An upright cystogram with the catheter 
removed will demonstrate the level of urinary continence. If total ure- 
thral incompetence is present, both sympathetic and pudendal nerves are 
injured. If continence occurs at the membranous urethra but the proxi- 
mal urethra is patulous, the pudendal nerve has escaped injury (Fig. 2B). 
In this circumstance, despite the presence of external sphincter activity, 
most patients with loss of function of the internal sphincter and moderate 
residual urine volumes are incontinent. Clearly, prostatectomy is not 
likely to be useful. These patients behave as if a too vigorous prostatec- 
tomy has already been performed. If, on the other hand, urine is held 
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Figure 2. A, Tracing of an upright cystogram in a 58 year old male after ab- 
dominoperineal resection demonstrates a wide open bladder neck and distal urethral sphincter 
mechanism. B, Tracing of an upright cystogram in a 68 year old woman following abdomino- 
perineal resection shows an open bladder neck and proximal urethra with preservation of 
urethral closure only in the area of the external urethral sphincter. 
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securely at the bladder neck on upright cystography, the external or 
skeletal sphincter may or may not be functional but the internal sphincter 
obviously does function. If the external sphincter is not functional as a 
result of the pudendal nerve injury, and prostatectomy is performed to 
decrease outlet resistance and enable voiding, severe stress incontinence 
or total urinary incontinence may occur as a result. If the patient can void 
even a small amount, then function of the external sphincter can be 
evaluated. If the patient can stop the urinary stream on command, then 
some external sphincter function is present. Another way to determine 
whether skeletal sphincter function is present is to study the external 
sphincter by electromyography. 

A curious kind of iceberg-like problem is infrequently found after 
abdominoperineal resection. Upright cystography shows continence at 
the bladder neck, and a normally functioning external sphincter is 
thought to be present. However, prostatectomy results in severe urinary 
incontinence. Detailed evaluation of the sphincter by urethral pressure 
profilometry and fluoroscopy postoperatively demonstrates poor function 
or lack of function of the urethral sphincter mechanism between the 
distal margin of the prostatic resection and the membranous urethra. 
This appears to occur in patients who preoperatively had prostatic 
obstruction but as a result of abdominoperineal resection lost the intrin- 
sic closing function of the urethral smooth muscle. Preservation of 
continence at the bladder neck in the immediate postoperative period is 
the result of prostatic tissue bulk and not true sphincter function. When 
the prostate is removed surgically, total urinary incontinence results. 
Fortunately, this condition is rare. 


Sexual Dysfunction 


Lack of erectile function is a common complaint after ab- 
dominoperineal resection. Whether it results from parasympathetic in- 
jury, sympathetic injury, or some combination of these is not clear. 
Patients with the most common expression of this kind of sexual dys- 
function report partial erection which usually involves unimpaired en- 
gorgement of the glans penis and corpus spongiosum, the periurethral 
erectile tissue. Engorgement of the corpora cavernosa does not occur. In 
most patients, ejaculatory and orgasmic function is preserved. They are, 
therefore, ideal candidates for a penile prosthesis, which is inserted into 
the corpora cavernosa. 

More severe types of dysfunction, including total failure of erectile 
function and ejaculatory and orgasmic failure, are often associated with 
preexistent vascular disease and/or severe bladder and urethral sphincter 
abnormalities. Despite the insertion of a penile prosthesis, recovery of 
satisfactory sexual function usually is not achieved. 
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Cancer of the prostate is one of the most common malignant tumors, 
accounting for about 10 per cent of all cancer deaths in males, a total of 
about 19,000 per year in the United States. Unfortunately, in the majority 
of patients the disease is no longer confined to the prostate when they are 
first seen. Initial treatment of these patients, when they become symp- 
tomatic, is by hormonal manipulation either with bilateral orchidectomy 
or the administration of an estrogen or anti-androgen. There is a favorable 
response in the majority of patients, usually for several years. Sub- 
sequent treatment by radiation, corticosteroids, hypophysectomy, and 
chemotherapy can further prolong life, usually of an acceptable quality, 
for one to two years. 

The important factors that influence prognosis are the histologic 
grade of the tumor and the clinical stage or extent of the disease. There 
are several systems of grading; the one most commonly used is based on 
Broder’s classification and tumors are designated as either well, moder- 
ately, or poorly differentiated. Another system recently introduced by 
Gleason recognizes five patterns of growth.* Each pattern is given a 
number, grade one representing the most orderly pattern and least 
aggressive and grade five representing the most disorderly pattern and 
most malignant. The final grade is obtained by adding the lowest and 
highest grade present in each specimen so that tumors are ranked from 
two to 10. An analysis of 1023 patients whose tumors were graded by this 
method showed that those with grade five or less have a fairly good 
chance of survival, even though they may have had advanced lesions, 
whereas those with grades six to 10 have a significantly higher death 
rate. The currently used system of clinicopathologic staging of prostatic 
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cancer in the United States was introduced by Whitmore and is based on 
an alphabetical classification of A, B, C, and D.'* The tumor, nodes, 
metastases (TNM) system advocated by the International Union Against 
Cancer (IUCC) is more comprehensive and its universal adoption would 
help to make the reported results of management of prostatic cancer 
more uniform and easier to compare. Stage A or T, is when the disease is 
not clinically manifest but microscopic evidence of cancer is detected ina 
resected or enucleated specimen of prostatic tissue. This stage has been 
subdivided into Al or pT,* and A2 or pT, depending upon whether there 
are a few microscopic foci of well differentiated cancer or whether the 
gland is diffusely infiltrated. 

Stage Al or pT, is probably of little or no clinical significance and is 
present in about 15 per cent of men over 50 years of age and 70 per cent of 
those over 80 years of age. It is generally agreed that active treatment is 
not indicated in these patients. The more diffuse form of the disease, A2 
or pT,, is a clinically significant problem, often with a poor prognosis. 
Stage B is when the disease is confined to the prostate and is also 
subdivided into B1 or T, when the lesion involves only one lobe of the 
gland and is less than 2 cm in diameter, and B2 or T, when the tumor 
involves the whole gland but is still confined to the capsule. Stage A2 or 
pT, has also been classified as B2 or T,, as the clinical behavior is more 
like that of tumors in this group. Stage C or T; and T, denotes local, 
extracapsular extension of the tumor, T; indicating seminal vesicle 
involvement and T, extension to the lateral pelvic wall. Stage D1 or 
T,_,N,_» indicates lymph node metastases below the aortic bifurcation 
and D2 or T,_,N,;.,M, indicates periaortic lymph node involvement or 
distant metastasis or both. 

Early prostatic cancer is defined as A, B1 and B2, or T,.. lesions. 
These patients have a normal serum prostatic acid phosphatase as 
measured by an enzymatic method. Elevation of the acid phosphatase is 
indicative of extraprostatic extension. Radioimmunoassay estimation of 
prostatic acid phosphatase, which gives an elevated level in some pa- 
tients with early stage disease, is not employed routinely as there are 
presently insufficient clinical correlates to evaluate the significance of an 
elevated level obtained by this method. There is still considerable dis- 
agreement as to the treatment of patients with early stage prostatic 
cancer. The principal modalities advocated are either complete excision 
of the prostate and the seminal vesicles with reanastomosis of the bladder 
neck to the urethra” or some form of radical radiation therapy.” The value 
of any form of radical treatment has been questioned and hormonal 
treatment only or transurethral resection in those patients who are or 
become symptomatic has been advocated.' 

There is, unfortunately, limited information on the natural history of 
early stage prostatic cancer, but the available data suggest that the 
10-year survival for untreated patients is only about 30 per cent compared 
to 50 per cent for those undergoing some form of radical treatment.!:'® 
Assessment of treatment failures indicates that at 10 years about 16 per 
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cent of patients treated by radical prostatectomy or radiation therapy died 
of cancer and another 6 to 8 per cent are alive with evidence of the 
disease, whereas in patients treated conservatively, 24 per cent died of 
cancer. These groups of patients, however, are not strictly comparable as 
the mode of selection and staging of patients in each group differs. 
Furthermore, the group treated conservatively included an unusually 
large number of patients with stage Al or pT, disease, which would make 
the failure rate artificially low.* It would seem that based on currently 
available information, some form of active treatment is indicated in 
patients with early stage prostatic cancer. There is, however, still no 
clear-cut evidence to indicate whether surgery or radiation is more 
effective, as there appears to be no significant difference in survival 10 
years after treatment in patients with a comparable stage and grade of 
disease. Furthermore, the differences inherent in the clinical versus 
pathologic staging of the disease must be taken into consideration when 
comparing results in these two groups, as patients undergoing radiation 
treatments are staged by clinical evaluation which generally tends to 
result in understaging. While the survival rate at 15 years after radical 
prostatectomy in patients with well-differentiated B or TF, tumors is 35 to 
45 per cent, which approaches the actuarial survival of an age-matched 
population, survival data at 15 years is not yet available for a comparable 
group of patients treated by radiation. 

The problem has been further complicated in recent years as a result 
of pelvic lymphadenectomy in patients with cancer of the prostate. 
Various studies have suggested that up to 25 per cent of patients with 
clinical stage B tumors have been found to have pelvic lymph node 
metastases.”” The incidence appears to be related to the clinical stage in 
that 40 per cent of stage C or T,_, tumors have had lymph node 
metastases. These observations have led to changes in the approach to 
treatment. A pelvic lymphadenectomy for staging is now done prior to a 
radical prostatectomy and in many cases has been performed prior to 
external beam radiation. 

Each form of treatment is associated with significant morbidity. 
Radical prostatectomy results in some degree of urinary incontinence in 
about 5 per cent of patients and impotence in all of them. External beam 
irradiation, with a dose of 6000 to 7000 rads delivered over a period of six 
to seven weeks, causes significant and persistent proctitis and/or cystitis 
in 3 to 5 per cent of patients and impotence in 30 to 50 per cent. As the 
treatment must be delivered daily over a six to seven week period, it is 
socially disruptive and requires a prolonged absence from work. Intersti- 
tial radiation involving implantation of radium needles was used exten- 
sively in the treatment of prostatic cancer prior to the advent of hormonal 
therapy. It had the disadvantage of requiring two surgical procedures, 
one to implant the needles and the other to remove them several days 
later. Moreover, the high energy radiation caused the same problems that 
occur after external beam therapy and special precautions were neces- 
sary. Radioactive gold, either in the colloidal form for injection or in 
platinum-coated seeds, has been used for interstitial radiation, but 
primarily as adjunctive therapy to prostatectomy or external beam 
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radiation.®-’ Furthermore, the use of this isotope also requires special 
precautions, both by the surgeons and the patients. 

Iodine-125 is an isotope with a low voltage gamma emission, a 
half-life of 60 days, and a half-value layer for tissue of only 2 cm compared 
to 6 cm for gold and 10 cm for radium. The isotope is absorbed onto two 
portions of an ion exchange resin, separated by a gold marker for 
radiologic localization, and incorporated into a small titanium seed. 
Hilaris and Whitmore in 1970 described its use for the treatment of early 
stage prostatic cancer.”' Due to the low energy and relatively long half-life 
of the isotope, rectal and bowel complications are rare and loss of potency 
occurs in only five to 10 per cent of patients. On the other hand, because 
of the low half-value layer for tissue, it is important to obtain an even 
distribution of the seeds so that a relatively homogenous dose of radiation 
is delivered to the prostate gland. The treatment can be completed in a 
relatively short period of time, that is, one week in the hospital and two 
weeks of convalescence. No special precautions are required for sur- 
geons, nursing personnel, patient, or family. The procedure is performed 
through a suprapubic extraperitoneal approach and a pelvic lym- 
phadenectomy for staging can be carried out at the same time. The I-125 
implant provides a minimum tumor dose of 17,000 rads and a maximum 
tumor dose of 35,000 rads delivered to decay, the half-life of the isotope 
being 60 days. It should be as effective a form of radiation as external 
beam therapy in patients in whom the disease is confined to the prostate. 


Patient Selection 


Patients are evaluated by chest radiograph, bone scanning, and 
estimation of serum prostatic acid phosphatase by an enzymatic method. 
Lymphangiography is not performed because of the unacceptable high 
percentage of false positive and false negative results.'? CAT scanning of 
the pelvis is performed if there is doubt as to whether there is seminal 
vesicle involvement, as this is considered to be a contraindication to 
interstitial irradiation; if positive, such patients are best treated by 
external beam therapy which can cover a wider field. Interstitial radia- 
tion for early prostatic cancer is only advocated in those patients who are 
expected to live at least five to 10 years. 


Surgical Procedure 


The approach is through a subumbilical midline incision. The pelvic 
lymph nodes and prostate are exposed by division of the perivesical fascia 
‘and reflection of the peritoneum medially from the lateral walls of the 
pelvis. This is facilitated by division of the vas deferens on each side as it 
emerges from the internal inguinal ring. A lymph node dissection is 
performed on each side from the bifurcation of the aorta down to the 
common internal and external iliac arteries. This is accomplished by 
dissecting the periadventitial tissues containing the lymph nodes from 
around the vessels, taking care to avoid the branches of the femoral nerve 
as they join the external iliac artery on the lateral side. The obturator 
lymph nodes are also removed, and it is important to identify the 
obturator nerve as it enters the obturator fossa, as injury to the nerve 
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Figure 1. Instruments used to implant radioactive seeds in the prostate. 


produces a serious disability. Silver clips are applied to any transected 
lymph vessels that are visualized, which seems to diminish the incidence 
of lymphocele formation postoperatively. After completion of the lymph 
node dissection the anterior surface of the prostate is exposed retropubi- 
cally in preparation for the seed implant. Exposure is facilitated by 
dividing any preprostatic veins and placing two small sponges laterally on 
either side of the gland to sweep away the periprostatic fat and accom- 
panying veins. Hollow bore 17 gauge needles, 15 cm long, are inserted into 
the prostate under direct vision, with a finger in the rectum to help in 
accurate localization and to control the the depth of penetration. Eigh- 
teen to 24 needles are placed at intervals determined by the strength of 
the seeds and the geometry of the gland. Needles are usually placed 9 to 
10 mm apart, first at the apex and lateral borders and then through the 
rest of the gland. The radioactive seeds are implanted through the 
needles at 1 cm intervals using a modification of the introducer originally 
designed by Hanschke (Fig. 1). The needles are initially inserted up to 
the rectal wall, but it is important to withdraw the needle one half cm 
before implanting the first seed in order to prevent rectal injury. A 
radiograph of the pelvis is taken at the conclusion of the implant to 
demonstrate the distribution of the seeds and, if necessary, more are 
implanted in any area that does not appear to have an adequate number. 


Results 


Of the 106 patients who have undergone this form of treatment at the 
Yale-New Haven Medical Center, the majority had well-differentiated 
tumors (Table 1). The distribution of histologic grades in this group is 
representative of that found in patients with early stage prostatic car- 
cinoma. A urethral catheter was left indwelling for 24 hours and most 
patients were discharged from the hospital six to seven days postopera- 
tively. When the diagnosis of cancer was made following transurethral 
prostatic resection, the implantation was deferred for three to four 
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Table 1. Histologic Grading in 106 Patients with Early Stage 
Prostatic Cancer 


DEGREE OF CELLULAR DIFFERENTIATION 


CLINICAL STAGE 


OF DISEASE Well Moderate Poor 
A, 9 1 0 
B 60 19 4 
Cc Uf 4 Dd 
TOTAL 76 24 6 


Table 2. Pathologic Staging of Disease* 


Ay : 10 
B 65 
Cc 13 
D 18* 
TOTAL 106 


* All patients had normal serum prostatic acid phosphatase and negative bone scan. 


months to allow the reaction from the first procedure to subside and to 
enable an accurate assessment to be made as to whether there was 
sufficient tissue remaining for a satisfactory implant to be accomplished. 
When the amount was considered to be inadequate, external beam 
therapy was given instead. 

Lymph node metastases were found in 18 of 83 patients (21.6 per 
cent) who had been assessed clinically as having stage B or T,_, disease 
(Table 2). When metastatic disease was detected in the lymph nodes 
following pelvic lymphadenectomy, external beam radiation to the nodal 
region was administered postoperatively. Irradiation was begun four 
weeks following surgery using an inverted Y field over the iliac and 
periaortic nodes and a total dose of 4500 rads was delivered in five weeks. 
The seed implant is performed even when pelvic node involvement is 
discovered, as it provides for local control of tumor growth. 

There has been no operative mortality and few significant complica- 
tions. One patient who had a history of angina developed a myocardial 
infarct from which he made.a good recovery, and one patient had a small 
pulmonary embolus that responded well to anticoagulant therapy. Two 
patients required transfusions because of retroperitoneal bleeding, eight 
patients had superficial wound infections, and three developed palpable 
lymphoceles that resolved spontaneously after several months. Tempo- 
rary lymphedema of the suprapubic region, penis, and scrotum occurred 
in about 30 per cent of patients and about half the patients had mild, 
transient irritative voiding symptoms. Seven patients had mild 
symptoms of proctitis which resolved completely. Five of 72 patients (7 
per cent) who were sexually active preoperatively have become impotent 
following therapy. 
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Table 3. Results of Biopsies After Implantation of I-125 Seeds 
in Relation to Stage 


STAGE OF DISEASE TUMOR NO TUMOR 
A, 2 1 
B vf 8 
(¢: P) 2 
D 5 2 
TOTAL 16 13 


In seven patients evidence of recurrent disease developed two to four 
years after treatment. Two patients with recurrent disease died, one from 
cancer and the other from a perforated peptic ulcer, unsuspected cancer 
having been found at autopsy. Three additional patients died from 
unrelated causes without evidence of recurrent disease. 

In an attempt to further assess the value of this modality of treat- 
ment, prostatic biopsies have been obtained from 29 patients 10 to 24 
months after seed implantation.'* At least three pieces of tissue were 
obtained on each occasion. Sixteen of these biopsies showed histologic 
evidence of prostatic carcinoma and 13 did not (Table 3). Only in patients 
with stage D1 (T,N,.) disease did there appear to be an increased 
proportion in the number of positive biopsies. Three of the patients with 
recurrent disease have undergone post-treatment biopsies, two of which 
were negative and one positive. 

Three patients have undergone a second biopsy one to two years after 
the initial one, with no change in the histologic appearance of the tissue 
(two positive and one negative). However, the histologic appearance of 
the majority of the post-radiation biopsies differed from that seen prior to 
radiation. The cellular pattern was less regular and the individual cells 
showed vacuolation of the cytoplasm with pyknosis of the nuclei. These 
changes would lend some support to the contention that despite his- 
tologic evidence of persistent tumor after radiation, the tumor is inactive. 
However no firm conclusions can be made as to the biological activity 
based solely on morphologic appearances. The finding of histologic 
evidence of cancer in the prostate after interstitial radiation therapy has 
been noted by others.'! Furthermore, it is consistent with the numerous 
reports of persistent histologic evidence of tumor after external beam 
therapy.'*:!--'7 In some of these cases the incidence of positive biopsies 
was found to decrease from 38 to 17 per cent when second biopsies were 
performed several years later.' Conversely, it was also found that the 
second biopsy was sometimes positive after the first was negative in 
patients followed by repeated aspiration biopsies.'' 

A composite of 124 patients from six reported series who had 
undergone needle biopsies from six months to six years after treatment 
and who had not received any hormonal treatment showed that 42 per 
cent had histologic evidence of prostatic cancer after treatment. These 
findings are comparable to those for patients treated with I-125 seed 
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implantation. There is some suggestion that a positive biopsy after 
treatment is associated with an increased mortality from cancer, but the 
evidence is not conclusive. The data are also somewhat conflicting, as 
many of the reported cases have also received some form of hormonal 
therapy. It is well accepted that needle biopsy of the prostate is at best 
only 75 per cent accurate in confirming the diagnosis of prostatic cancer. 
It is therefore likely that the number of positive biopsies is less than the 
true incidence of persistent tumor, providing for a further source of error. 
Only extended follow-up of a significant number of patients with post- 
treatment biopsies and the correlation of these findings with progression 
of the tumor or the development of metastatic disease will clarify this 
problem. 

Nevertheless results of interstitial radiation have been encouraging. 
Whitmore and associates have reported that 75 per cent of 208 patients 
with clinically early stage prostatic carcinoma treated by implantation of 
I-125 seeds are alive at five years without evidence of the disease.'* There 
was a marked decrease in the survival in patients with pelvic lymph node 
metastases, although those with only a very small volume of tumor, less 
than 3 mm, had a survival rate comparable to that of the patients without 
pelvic lymph node metastases. 


Conclusion 


It would appear that this form of radiation results in control of the 
disease for at least five years in the majority of patients, despite what 
appears to be an apparently high incidence of persistent tumor in the 
prostatic biopsies several years after treatment. It is still difficult to 
determine whether the treatment or the natural history of the disease 
accounts for these results at five years in this selective group of patients, 
and only further follow-up will clarify this. It is likely, however, that the 
results of this form of therapy, on a long-term basis, will be comparable to 
those of external beam radiation and probably radical prostatectomy. 
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An extracardiac conduit was first used by Kirklin and associates" in 
1964, when continuity between the right ventricle and the pulmonary 
arteries was established using a pericardial tube for the repair of pulmo- 
nary atresia. In 1966, Ross and Somerville'* described the repair of 
pulmonary atresia using an aortic root allograft. McGoon and Rastelli'™ in 
1968 described their experience with an irradiated aortic allograft for 
repair of truncus arteriosus, and Rastelli and Wallace" described its use 
for the complex of transposition of the great arteries, ventricular septal 
defect, and pulmonary stenosis in 1968. Descriptions of its use for other 
complex lesions followed.’:? Problems of procurement and sterilization of 
the aortic allograft made its use difficult. Long-term follow-up also 
revealed late calcification of the homograft, frequently resulting in 
stenosis or insufficiency, requiring reoperation.'’ In 1973 use of a Dacron 
conduit containing a gluteraldehyde-preserved porcine valve was de- 
scribed by Bowman and associates? and became commercially available.** 
This valved conduit which is produced in sizes ranging from 12 to 30 mm 
solves the problem of procurement, and although deterioration of the 
porcine valve occurs, it appears to be more durable than the allograft. 
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The valved conduit has made it possible to reestablish continuity 
between the right ventricle and the pulmonary arteries in cases of 
pulmonary atresia.2 Complex lesions in which pulmonary atresia or 
stenosis are associated with other anomalies such as double outlet right 
ventricle may also be repaired with the valved conduit.'! Truncus ar- 
teriosus may be treated using a similar technique.“ In addition, the 
complex of transposition of the great arteries with ventricular septal 
defect and pulmonary stenosis can be repaired using a valved conduit.” 
Repair of tetralogy of Fallot in certain situations also requires use of a 
valved conduit or porcine valve in the pulmonary position. Another 
advance came with Fontan’s use of the valved conduit to reestablish 
continuity between the right atrium and the pulmonary artery or right 
ventricle in cases of tricuspid atresia.» This technique has also been 
applied to other complex lesions.°® 

Although the valved conduit has been mainly used on the right side 
of the heart it may also be employed for left sided lesions. Certain types of 
aortic and subaortic stenosis may be relieved by a left ventricular 
apical-aortic conduit.'* In addition, a conduit was inserted from the left 
atrium to the left ventricle for relief of congenital mitral stenosis in a 
small infant. 


CLINICAL EXPERIENCE 


We report our experience in the treatment of these complex lesions 
using the porcine valved conduit, between July 1976 and December 
1979. 


Management of Cardiopulmonary Bypass and Myocardial Protection 


A membrane oxygenator was used for cardiopulmonary bypass with 
moderate hemodilution (hematocrit 25 to 30 per cent) and systemic 
hypothermia varying from a tympanic membrane temperature of 20° to 
28° C. In most cases, a median sternotomy was used. In patients with a 
previous median sternotomy incision who had a conduit present, a 
transverse bilateral thoracotomy was used to avoid damage to the conduit 
in opening the sternum. In order to establish cardiopulmonary bypass, 
the ascending aorta was usually cannulated and the superior and inferior 
vena cava were cannulated via the right atrium. Where a previous 
superior vena cava to right pulmonary artery (Glenn) shunt had been 
performed, the superior vena cava was cannulated directly. Myocardial 
protection was provided using blood cardioplegia at 7° C with potassium, 
30 mEq per liter, and topical hypothermia. The blood cardioplegia was 
administered as previously described’’ using a volume of 10 ml per kg up 
to a maximum of 250 ml repeated every 20 to 30 minutes. In infants, the 
tympanic membrane temperature was lowered to 20° C and the repair 
performed at low flow, or with intermittent periods of circulatory arrest. 


Management of Previous Shunts 


Previous systemic to pulmonary artery shunts were occluded prior to 
instituting cardiopulmonary bypass. A previous Waterston shunt gener- 


COMPLEX CONGENITAL CARDIAC DEFECTS 1227 


ally resulted in kinking of the pulmonary artery and required reconstruc- 
tion’’ either with a pericardial patch or insertion of a graft from the 
conduit to pulmonary artery. In two patients, previously placed Glenn 
shunts were taken down using polytetrafluoroethylene grafts to reestab- 
lish continuity between the superior vena cava and the right atrium and 
between the main pulmonary artery and the right pulmonary artery. 
Pott’s shunts were taken down under circulatory arrest, with carbon 
dioxide flooding the field and with control of the aortic arch vessels. The 
pulmonary artery also required reconstruction with a pericardial patch in 
one patient. 


Pulmonary Atresia 


Nine patients with pulmonary atresia underwent repair. Seven had 
ventricular septal defects, which were also closed (Fig. 1). Four had 
previous Waterston shunts with kinking of the pulmonary artery and 
required reconstruction using a pericardial patch in two. In two, grafts 
were placed from the valved conduit to the left pulmonary artery (Fig. 2). 
In two, bronchial collaterals were ligated and in one in whom the 
collateral was the only supply to the right upper lobe, the artery was 
banded to avoid infarction of the lung (see Fig. 1). In one patient, the 
pulmonary atresia was associated with a common atrium with right and 
left superior vena cavae and hepatic veins draining into both atria (Fig. 
3). There was dextrocardia with the aorta arising from.the anterior right 
ventricle and communicating via a posterior ventricular septal defect 
with a posterior left ventricle that had no communication with the 
pulmonary arteries. This lesion was successfully corrected by separating 
the pulmonary and systemic venous return with an intra-atrial baffle, 
closing the ventricular septal defect, and placing a conduit between the 
left ventricle and the pulmonary arteries. In a second patient, pulmonary 
atresia was associated with a double-outlet right ventricle. This was also 
treated with an intra-ventricular baffle, and valved conduit from the right 
ventricle to the pulmonary artery. 

There were no early deaths (less than 30 days) in this group. Four 
patients have undergone repeat catheterization and have been found to 
have right ventricular systolic pressure of 30 to 45 mm Hg. 


Truncus Arteriosus 


The operative technique used is shown in Figure 4. Seven patients 
underwent repair of truncus arteriosus. The youngest was six weeks old, 
weighing 4 kg, in whoma 12 mm conduit was successfully inserted. Two 
had undergone previous truncus repair but stenosis developed at the site 
of a small calcified conduit valve. Truncal regurgitation had also devel- 
oped. In these patients, the conduit was replaced with a 30 mm valved 
conduit, the truncal valve was replaced, and a tricuspid annuloplasty 
performed in one and a residual ventricular septal defect and atrial septal 
defect closed in the second with improvement in clinical status. There 
was one early (less than 30 days) death in this group caused by cardiac 
tamponade, which we feel was avoidable. There was one late death 
caused by progression of pulmonary vascular disease, resulting in pro- 
gressive right ventricular failure. 
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Figure 1. This 11 year old patient had pulmonary atresia with a ventricular septal defect 
(VSD). The pulmonary arteries are supplied by a patent ductus arteriosus (left). The right 
upper lobe is supplied by a large vessel arising from the descending aorta. The repair shown on 
the right consisted of ligating the ductus, closing the VSD through an incision in the right 
ventricle, and placing a 25 mm porcine valved conduit between the right ventricle and 
pulmonary artery. The artery to the right upper lobe was banded until the distal pressure was 
18 mm Hg. 


Figure 2. An eight year old girl with pulmonary atresia and ventricular septal defect 
(VSD). As shown on the left, a Waterston shunt performed when the patient was a neonate 
resulted in obstruction of the right pulmonary artery on the medial side. Repair shown on the 
right consisted of closure of the VSD, placement of a 25 mm conduit between the right 


ventricle and the right pulmonary artery, and placement of a 10 mm Goretex graft from the 
conduit to the left pulmonary artery. 
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Figure 3. This 11 year old boy had dextrocardia, situs solitus, L-Loop, and pulmonary 
atresia with the aorta arising from the right ventricle. As shown on the left, there were 
anomalies of systemic venous drainage, with azygous continuity of the inferior vena cava, a 
left superior vena cava, and a large hepatic vein draining into the “left atrium.” A pericardial 
baffle was used to separate the pulmonary and systemic venous drainage, and the left superior 
vena cava was ligated. A large ventricular septal defect of the endocardial cushion type was 
closed and a 25 mm porcine valved conduit was placed between the apex of the left ventricle, 
which was the pulmonary ventricle and the pulmonary artery. The previously placed right and 
left Blalock-Taussig shunts were ligated. 


Figure 4. Repair of truncus arteriosus. Left, The pulmonary artery is disconnected from 
the truncus with primary closure of the aorta. Center, The conduit is anastomosed to the 
pulmonary artery and the incision in the right ventricle through which the ventricular septal 
defect is closed. The proximal end of the conduit is then anastomosed to the edges of the right 
ventricular incision. 
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Figure 5. Repair of transposition of the great arteries, ventricular septal defect (VSD), 
and pulmonary stenosis. Left, Dotted lines indicate incisions for dividing the main pulmonary 
artery (PA) and exposing the VSD through the right ventricle. Center, The oversewn stump of 
the proximal PA, the conduit sutured to the dfstal PA, and the VSD closed in such a way that 
the left ventricle is connected to the aorta. Right, The proximal end of the conduit is then 
sutured to the right ventricle. 


Figure 6. A postoperative angiogram in an infant who underwent repair for transposition 
of the great arteries, ventricular septal defect, and pulmonary stenosis. The anteroposterior 
and lateral views show the 20 mm porcine valved conduit connecting the right ventricle to the 
pulmonary artery without obstruction. 
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Transposition of the Great Vessels with Ventricular Septal Defect 
and Pulmonary Stenosis 


The Rastelli procedure was performed in eight patients aged nine 
months to 17 years (Fig. 5). In two patients under one year of age, 
weighing 9 kg, a20 mm conduit was successfully inserted (Fig. 6). There 
were two deaths in this group. One occurred early in our experience and 
one in a 13 year old patient who three years previously had undergone a 
Mustard procedure and closure of a ventricular septal defect at another 
institution. Biventricular failure, more marked in the right ventricle, 
developed in the latter patient. An attempt was made to use the anatomic 
left ventricle as the systemic ventricle by reopening the ventricular 
septal defect and performing a Rastelli procedure. This patient died in a 
low output state. 


Tetralogy of Fallot 


In the vast majority of cases, a valved conduit is not used in repair of 
tetralogy of Fallot. It may be indicated when there is virtual atresia of the 
outflow tract, a single pulmonary artery, elevated pulmonary artery 
pressure, an anomalous left anterior descending coronary artery which 
crosses the right ventricular outflow tract, and in some repeat operations 
for tetralogy of Fallot. 

A valved conduit was used in four cases of tetralogy of Fallot. The 
indication was a single pulmonary artery in one case. In two patients, the 
conduit was inserted because of virtual atresia of the pulmonary valve 
and infundibulum. In one patient, the conduit was inserted because of an 
anomalous left anterior descending coronary artery traversing the right 
ventricular outflow tract. In order to avoid damaging the coronary artery, 
an incision was made in the right ventricle at this site and the pulmonary 
artery. There were no deaths in this group. 


Pulmonary Valve Insertion 


Recently, we modified our technique in patients in whom a valve is 
indicated, including absent pulmonary valve syndrome but excluding 
patients with an anomalous coronary artery. In these patients, we now 
prefer to place a porcine valve beneath an outflow tract patch extending 
across the pulmonary annulus (Fig. 7). The advantage of this approach is 
that it allows the insertion of a larger sized valve and avoids the problem 
of compression of a conduit behind the sternum. 

Ten patients ranging in age from eight months to 18 years have 
undergone insertion of a porcine valve beneath an outflow tract patch. 
Seven were undergoing repeat operations following previous repairs for 
tetralogy of Fallot, one aged eight months had an absent pulmonary valve 
syndrome, and one had a previous Glenn shunt that was taken down. 
There were no deaths in this series and all are doing well. 


Fontan Procedures 


Ten patients ranging in age from 7 to 23 years underwent a Fontan 
procedure. Six had tricuspid atresia, one had mitral atresia, one a 
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Figure 7. A 16 year old girl with tetralogy of Fallot and virtual atresia of the right 
ventricular outflow tract previously underwent a Glenn (superior vena cava to right pulmo- 
nary artery) shunt and a left Blalock-Taussig shunt. The dotted lines in the lefthand diagram 
indicate the atrial and ventricular septal defects. The Glenn shunt was taken down (right) 
using 12 mm Goretex grafts to reestablish continuity of the superior vena cava and right 
pulmonary artery. The right ventricular outflow tract was reconstructed using a Teflon patch 
with a 27 mm porcine valve implanted beneath it. 


Figure 8. Modifications of the ‘““Fontan” procedure used for tricuspid atresia and other 
complex lesions are shown. Left, A patient with tricuspid atresia and pulmonary atresia with a 
previously placed superior vena cava to right pulmonary artery shunt. The atrial septal defect 
(ASD) was closed and the valved conduit used to connect the right atrium and left pulmonary 
artery. Right, A patient with tricuspid atresia and ventricular septal defect. In this case there 
was no pulmonary stenosis and the conduit was therefore placed between the right atrium and 
right ventricle after closing the ASD and ventricular septal defect. 
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univentricular heart with total anomalous pulmonary venous drainage, 
one a ventricular septal defect with a criss-cross relationship that could 
not be septated, and one pulmonary atresia with severe right ventricular 
and tricuspid hypoplasia. In seven patients the valved conduit was placed 
between the right atrium and pulmonary artery, and in three patients, 
between the right atrium and right ventricle (Fig. 8). Three patients had 
previous Glenn shunts (superior vena cava to right pulmonary artery) and 
in two it was performed at the time of the Fontan procedure. 

There was one early death in this series, in the patient with total 
anomalous pulmonary venous drainage, and two late deaths at five and 20 
months. The remaining patients are doing well. 


Left Ventricular Apical—Aortic Conduit 


Certain types of aortic valve disease cannot be relieved by aortic 
valvotomy or valve replacement. These include tunnel obstruction of the 
left ventricular outflow tract and the hypoplastic aortic annulus or 
ascending aorta, associated with aortic stenosis or insufficiency. Inser- 
tion of a valved conduit between the left ventricular apex and the 
abdominal aorta can relieve some of these problems.*?°?! The median 
sternotomy incision is extended into the abdomen, and the aorta is 
exposed above the celiac artery. The graft is anastomosed to the aorta and 
then after the institution of cardiopulmonary bypass, the apical 


Figure 9. Postoperative angiogram in a two year old boy who underwent insertion of a 16 
mm left ventricular apical to aortic conduit and closure of the aortic valve. The left ventricular 
angiogram shows contrast in the left ventricle, passing into the apical connector with the 
spiral wire, and the porcine valved conduit connected to the abdominal aorta. 
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connector is inserted into the left ventricle and connected to the valved 
conduit. Five children ranging in age from two days to eight years have 
undergone this procedure.”! Three had severe aortic stenosis with a 
hypoplastic annulus and had undergone previous aortic valvotomy. The 
left ventricular apical-aortic conduit successfully relieved the left ven- 
tricular outflow tract obstruction in these patients. A fourth patient aged 
two years had severe aortic insufficiency. The aortic valve was oversewn 
and a 16 mm apical-aortic conduit inserted (Fig. 9). All four patients 
survived the procedure; however, systemic emboli which appeared to 
arise from the conduit developed in three of them. We now feel that these 
patients should be given anticoagulants for at least several months 
postoperatively. One patient who had a conduit inserted at the age of two 
years developed stenosis and regurgitation of the valve three years later 
and underwent successful replacement of the segment containing the 
porcine valve in the abdomen. One patient with a hypoplastic left heart 
and aortic hypoplasia underwent a left ventricular apical to aortic conduit 
on the second day of life, which was unsuccessful because of the small 
size of the left ventricular cavity. 


Left Atrial to Left Ventricular Conduit 


Congenital mitral stenosis presents a serious problem in the small 
infant. Because of the small size of the annulus it may be impossible to 
insert a prosthetic valve. We have approached this problem in an eight 
week old infant weighing 3.9 kg by placing a conduit between the left 
atrium and the apex of the left ventricle (Fig. 10).!* This procedure has 
the advantages of allowing the left ventricle to develop, and the conduit 


PREOPERATIVE CATHETERIZATION POSTOPERATIVE CATHETERIZATION 


Figure 10. Preoperative and postoperative catheterization in an infant with severe 
congenital mitral stenosis who underwent insertion of a left atrial to left ventricular conduit, 
closure of a ventricular septal defect, repair of coarctation of the aorta and ligation of a patent 
ductus arteriosus. SVC = superior vena cava, RA = right atrium, RV = right ventricle, PA = 
pulmonary artery, LA = left atrium, and LV = left ventricle. Numbers in circles represent 
oxygen saturation; without circles pressure in mm Hg. * and t+ represent simultaneous 
pressure measurements. 
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can be changed for a larger one as the child grows. Postoperative 
catheterization showed relief of the severe mitral stenosis. Five months 
postoperatively, this infant is growing and continues to improve clini- 
cally. 


Postoperative Studies 


We have recatheterized 25 patients following insertion of porcine 
valved conduits, and obtained hemodynamic data at rest and during 
exercise or isoproterenol infusion.'” Obstruction and pressure gra- 
dients may occur at the valve or at the proximal and distal anastomoses 
(Fig. 11). Particularly in conduits smaller than 25 mm, significant 
pressure differences may exist at rest and may double on exercise. We 
have found that the functional valve area measured at catheterization is 
smaller than that predicted by the valve diameter. 

We have previously reported late deterioration of the porcine valve in 
children.* This series includes four children in whom the valved conduit 
was replaced because of calcification and stenosis of the porcine valve, a 
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mean of four and one half years after insertion. All these patients 
survived. Because of the likelihood of eventually having to replace the 
porcine valved conduit, we are now leaving silicone rubber as a pericar- 
dial substitute to facilitate reoperation. 


CONCLUSIONS 


Availability of the porcine valved conduit has brought many complex 
congenital cardiac lesions into the realm of operability. These procedures 
have the potential of returning the hemodynamic state of the heart to 
normal and of allowing normal activity for the patient. We have per- 
formed 54 procedures in which the valved conduit or porcine valve was 
used for reconstruction of complex lesions with an early mortality of 9 per 
cent. The long-term durability of the porcine valve in children has not yet 
been fully defined, but it appears to be shorter than in adults. Repeat 
operation for replacement of the conduit, therefore, seems likely in many 
of these patients. In this series, 10 patients (four of whom had obstructed 
valved conduits) underwent repeat intracardiac operations. Experience 
with the repeat operations has been encouraging and should be accom- 
panied by low risk provided that ventricular function is not severely 
impaired. Further development of the valved conduit is needed to in- 
crease longevity of the porcine valve in children and to improve the 
annulus to orifice ratio. A conduit appropriate for the newborn infant is 
not yet available. 
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Symposium on Complex Surgical Problems 


Metabolic Complications of Parenteral 
Nutrition in Infants and Children 


John H. Seashore, M.D.* 


Total parenteral nutrition (TPN) is one of the major technologic 
advances in modern medicine and is clearly a life-saving procedure for 
many patients. It is particularly beneficial to newborn infants who have 
gastrointestinal disorders, since neonates have a high metabolic rate and 
limited fuel stores. 

Since the first report of successful TPN by Dudrick in 1967, many 
complications of the technique have been observed. The list of reported 
complications is lengthy and enlarges yearly. Increasing experience has 
led to the development of policies and protocols which can decrease the 
frequency and severity of complications. Catheter sepsis is the most 
serious complication of TPN but metabolic abnormalities are more 
common and can be life-threatening if not recognized and treated 
promptly. This articles reviews the metabolic complications encountered 
during TPN in infants and children. The material is drawn from the 
literature and from a review of our own experience. 

Eighty-seven infants and children (0 to 18 years of age) received TPN 
at the Yale-New Haven Hospital between 1973 and 1978. Three-fourths 
of the patients were infants less than three months of age, including 28 
premature infants who weighed less than 2000 gm. Duration of TPN was 
4 to 209 days with a mean of 26 days. Indications for TPN were primarily 
congenital gastrointestinal anomalies and necrotizing enterocolitis in 
infants, diarrhea and prolonged ileus in older children, and inflammatory 
bowel disease in adolescents. Seventy-one patients received only central 
TPN. Sixteen patients received all or part of their TPN by peripheral 
vein, with Intralipid as part of the energy requirement. Casein hydroly- 
sate (Amigen) was the protein source for the first 52 patients and a 
crystalline amino acid solution (FreAmine II) for the rest. The TPN 
solutions used for infants and children are shown in Table 1. Trace 
metals were not incorporated until 1979. Minor metabolic derangements 
occurred frequently and were readily detected and treated. More sig- 
nificant metabolic complications which required a change in therapy 
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Table 1. Composition:of TPN Solutions 


INFANTS CHILDREN 
Protein equivalent 20 gm 30 gm 
Glucose 200 gm 250 gm 
Calories 880 1120 
Nat 25 mEq 34 mEq 
Kr 24 mEq 36 mEq 
Cl- 27 mEq 50 mEq 
Mgtt 5 mEq 4 mEq 
Cane 11.3 mEq 8 mEq 
je 8.5 mM 7.8mM 
MVI concentrate* oom 1.5 ml 
Folic acid 0.25 mg 0.25 mg 
Vitamin K 0.2 mg 0.2 mg 
Water qs to 1000 ml 


*USV Pharmaceutical Corp., Tuckahoe, New York. Contents per ml: vitamin A, 2,000 
units; vitamin D, 200 units; vitamin E, 2.5 units; and water-soluble vitamins. 


Table 2. Metabolic Complications in 24 of 87 Children 
(Requiring Change of Therapy) 


Glucose intolerance 

Fluid overload 1 
Other electrolyte abnormality 

Rickets 

Isosmolar coma 

Obstructive jaundice 

Hyperammonemia (symptomatic) 
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No metabolic complications 63 


occurred in 24 patients (27 per cent) (Table 2). These complications are 
discussed in more detail in the appropriate sections. 


Abnormalities of Carbohydrate Metabolism 


The very large glucose loads given with central TPN might be 
expected to cause glucose intolerance in many patients, but in fact this 
complication is uncommon. Das and Filler’ performed glucose balance 
studies in infants given TPN with 20 per cent glucose. Less than 1 per 
cent of the infused glucose was excreted in the urine despite 2+-3+ 
glucosuria. Plasma insulin concentration increased significantly and 
appropriately during infusion of hypertonic glucose. Diabetic patients 
will, of course, require exogenous insulin and careful monitoring. Most 
individuals are relatively glucose intolerant for a few days following 
major trauma or surgery due to high circulating levels of cortisol and 
glucagon. TPN is generally not given in the immediate post-traumatic 
period since there is considerable evidence that nutrients cannot be 
utilized effectively in the presence of these counter-regulatory hormones. 
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Sepsis is another important cause of glucose intolerance. The sudden 
onset of glucosuria in a patient who is receiving TPN may be a harbinger 
of bacteremia. 

The syndrome of hyperglycemic, nonketotic dehydration has been 
reviewed extensively by Kaminski”! who reported six cases among 200 
adults who were receiving TPN with hypertonic glucose. Most of the 
patients had a family history of diabetes and either sepsis or other major 
stress. The fully developed syndrome with coma and a significant mortal- 
ity rate (16 per cent) can be prevented by frequent monitoring of blood 
and urine glucose. 

Our experience in children suggests that this complication occurs 
almost exclusively in small premature infants. Hyperglycemia (blood 
glucose > 200 mg per dl) and persistent glucosuria (3+ or more on 
successive determinations) were observed in six patients, five of whom 
weighed less than 2000 gm. Initial management consists of decreasing 
the glucose concentration of the TPN solution. If this fails to correct the 
hyperglycemia or leads to a totally inadequate caloric intake, exogenous 
insulin may be given, initially by a sliding scale and subsequently by the 
addition of 5 to 10 units of regular insulin to each 1000 ml of TPN 
solution. Another approach to restore adequate caloric intake is to give 
additional calories as fat emulsion by peripheral vein. 

Plasma insulin concentration increases promptly when hypertonic 
glucose is infused. Abrupt cessation of the infusion may lead to profound 
hypoglycemia, coma, and seizures. If the central catheter becomes 
clotted or dislodged, a peripheral vein infusion of 10 per cent dextrose 
must be started promptly. Patients should be weaned slowly from hyper- 
tonic dextrose solutions when TPN is discontinued electively. Experi- 
ence with cyclic TPN in outpatients has shown that hypoglycemia rarely 
develops in well nourished individuals who have adequate glycogen 
stores, and they can be weaned in an hour or two. Premature infants and 
patients who are malnourished or stressed are at greater risks, however, 
and should be weaned over 8 to 12 hours by slowly decreasing the rate of 
infusion or the glucose concentration. 


Disorders of Water and Sodium Balance 


Hypovo.emic DeHypraTIon. Dehydration secondary to osmotic diuresis 
may occur from excessive spillage of glucose in the urine as noted above, 
and is recognized by the physical findings of dehydration and a rising 
blood urea nitrogen in the face of increased urine output. Very small 
premature infants may develop significant glucosuria and osmotic 
diuresis with blood sugar in the range of 100 mg per dl. 

Dehydration may also result from inadequate replacement of fluid 
losses and is characterized by decreased urine output. Patients who 
require TPN frequently have vomiting (or losses through a nasogastric 
tube), diarrhea, ascites, or postoperative “third-space” fluid accumula- 
tion, and these losses must be replaced with appropriate solutions by 
peripheral vein. 

Fiumw Overtoap. TPN solutions are usually administered at 1 to 1.5 
times the maintenance fluid rate in order to provide adequate calories. 
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Patients who have impaired cardiac or renal function may not tolerate 
this amount of water. Thirteen children in this series developed fluid 
overload manifested by hyponatremia, peripheral edema, and congestive 
heart failure. Nine of them were premature infants weighing less than 
2000 gm, often the same babies who were glucose intolerant. Many had a 
patent ductus arteriosus. Prompt recognition and treatment by fluid 
restriction are essential. We have been able to achieve an adequate 
caloric intake in some of these patients by increasing the glucose 
concentration to 30 or 35 per cent so the same number of calories can be 
infused in a smaller volume of fluid. However, it may be impossible to 
achieve sufficient caloric intake in premature infants who are intolerant 
of both water and glucose. 

In one healthy full-term infant, acute fluid overload developed from 
inadvertent infusion of TPN solution at six times the prescribed rate for 
two hours. This complication can be prevented by the use of a constant 
infusion pump and a volumetric drip chamber that is filled with only 
enough solution for one hour at a time. 


Acid-Base Balance 


Hyperchloremic acidosis was a common complication of TPN in the 
early 1970s. Many of the protein sources in common use at that time 
contained several amino acids as the chloride salt, which undoubtedly 
contributed to this complication. However, Heird et al.'’ convincingly 
demonstrated in 1972 that the acidosis was primarily a result of an excess 
of cationic amino acids in most protein solutions. Metabolism of these 
amino acids led to production of hydrogen ion which exceeded the 
buffering capacity of small infants. The new amino acid solutions have 
been modified to eliminate this source of excess hydrogen ion, and 
acidosis is now uncommon. 

A trend toward lower protein intake has perhaps been of equal 
importance in eliminating acidosis since the protein component of TPN 
is the main cause. Ten years ago infants commonly received 3.5 to 4 gm 
per kg per day of protein. Most authorities now recommend no more than 
2.5 to 3.0 gm per kg per day so infants are presented with less hydrogen 
ion to buffer or excrete. 

Many patients have an underlying disease that may predispose them 
to acid-base derangements. Therefore, although acidosis as a direct result 
of TPN is rare, careful monitoring of acid-base status is necessary. 


Electrolyte Disorders 


Significant electrolyte abnormalities are relatively uncommon as a 
direct result of TPN. The electrolyte composition of most TPN solutions 
is suitable for maintenance needs. However, inadequate intake or exces- 
sive losses may lead to deficiencies, so frequent monitoring is essential. 

Sodium balance is intimately related to water balance which has 
already been discussed. TPN solutions for infants should contain about 
25 mEq per liter of sodium. Older children require somewhat higher 
concentrations. The sodium content of TPN solutions can and should be 
adjusted as necessary. Potassium requirements may be relatively high in 
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patients who have large deficits because of their basic disease or who 
become anabolic while receiving TPN. A potassium concentration of 25 
to 35 mEq per liter is usually appropriate for infants and children. A 
portion of the sodium and potassium in TPN solutions should be added as 
phosphate, acetate, or lactate salts to avoid an excess of chloride. 

Intravenous requirements for magnesium, calcium, and phosphorus 
cannot readily be determined from known oral requirements since intes- 
tinal absorption of these minerals is variable. Borresen et al.? performed 
detailed metabolic balance studies on four infants who were receiving 
TPN. Magnesium requirements were found to be relatively high and they 
recommended an intake of at least 0.3 mEq per kg per day. We have 
determined empirically that an intake of about 0.7 mEq per kg per day is 
necessary to maintain normal serum magnesium concentration in in- 
fants. Five mEq of magnesium per liter of TPN solution appears to be 
adequate for most infants and children. If hypomagnesemia is occasion- 
ally encountered, the simplest solution is to double the magnesium 
content for three to four days, then reevaluate. One of our patients, a nine 
year old girl on home TPN (not in the present series), has chronically 
high urinary magnesium losses and requires 20 mEq per liter of mag- 
nesium to maintain a normal serum concentration. 

Inadvertent omission of phosphate from TPN solutions rapidly leads 
to profound hypophosphatemia. Travis et al.'° found marked aberrations 
in red cell metabolism and increased affinity of hemoglobin for oxygen in 
patients who were given phosphate-free TPN. The critical role of phos- 
phate in energy metabolism and storage is well known. Borresen’s data 
suggest that infants receiving TPN require about 1.5 mM per kg per day 
of phosphorus.” We have not observed significant hypophosphatemia in 
children whose TPN solutions contain 9 mM per L of phosphorus. 

Calcium requirements during TPN are relatively high in infants and 
children, though not as high as with oral feedings. Borresen et al.” 
determined that an intake of about 1.5 mEq per kg per day was necessary 
to achieve calcium balance in their patients. With one exception, sig- 
nificant hypocalcemia has not occurred in our patients while they were 
receiving TPN solutions containing 11.5 mEq per liter of calcium, or 
about 1.6 mEq per kg per day. One 1600 gm infant developed rickets after 
23 days of TPN. Leape et al.”* reported the development of hypocalcemia 
and rickets in four very small premature infants who were receiving TPN 
solutions providing 3 mEq per kg per day of calcium. They observed that 
if TPN in premature infants is effective in achieving intrauterine growth 
rates, the demand for calcium should approximate intrauterine require- 
ments which have been estimated at about 6 to 8 mEq per kg per day. It 
would be extremely difficult to achieve this level of intake in infants 
receiving TPN because of precipitation with phosphate but it is impor- 
tant to recognize that small premature infants are at risk. The necessity 
for frequent serum calcium determinations and radiographic surveil- 
lance for rachitic changes is obvious. Since most of these infants require 
periodic x-rays for many reasons, it is possible to search for evidence of 
rickets without subjecting them to additional radiation. Additional cal- 
cium can be provided by peripheral vein infusion or even orally in some 
patients. 
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Trace Metals 


At least 14 metals are known to be essential for normal human 
metabolism: iron, zinc, copper, iodine, manganese, chromium, 
selenium, cobalt, molybdenum, nickel, vanadium, tin, silicon, and 
fluorine. Many are necessary cofactors for various enzymes and are 
required in microgram quantities whereas others (iron, zinc, copper) are 
needed in milligram amounts. With the exception of iron, which is 
discussed below, the precise daily requirements for these trace metals are 
not well known, if at all. Intravenous requirements may well be different 
from oral requirements. The needs of growing infants have been even 
less well studied. Meinel et al.?° recently found that fetal liver contains 
significantly less copper, zinc, selenium, magnesium, and molybdenum 
than healthy adult livers, which suggests that newborn infants may be at 
greater risk for deficiency. Clinical manifestations of trace metal de- 
ficiency during TPN have been reported frequently for zinc,?”°9?" and 
less often for copper”? and chromium.'*"'’ Clinical manifestations of 
deficiencies of other trace metals have not been described in humans but 
it is reasonable to assume that such deficiencies will occur and be 
recognized in time. Furthermore, there may well be more subtle conse- 
quences of trace metal deficiency which are not easily recognized clini- 
cally, yet cause the patient to respond poorly to conventional therapy.*” 

On the other hand, the known clinical signs of trace metal deficiency 
rarely appear before four to six weeks of TPN. The presence of minute 
quantities of trace metals as contaminants in amino acid solutions, the 
use of blood transfusion, and even modest oral intake may provide 
enough of these metals at least to delay the onset of deficiency states. For 
the average patient who receives TPN for two to four weeks, trace metal 
deficiency is not likely to be a major problem. Growing infants and 
patients with preexisting malnutrition, excessive losses (diarrhea, large 
open wounds) or who require long-term TPN either in the hospital or at 
home are at greater risk. We have not recognized trace metal deficiency 
even in our long-term TPN patients, but, as noted above, the absence of 
known clinical manifestations certainly does not exclude clinically sig- 
nificant deficiency. 

There are limited data rélative to requirements for copper, zinc, 
chromium, iodine, and manganese. Suggested guidelines for daily par- 
enteral intake of these metals are shown in Table 3, but these are only 
approximate and may need to be modified for individual patients. The 
manufacturing pharmacy of Yale-New Haven Hospital has prepared a 
mixture that contains these metals in approximately the ratio shown. An 
amount of this mixture sufficient to meet the recommended intake is now 
added daily to all TPN solutions for infants and children. 

We know a great deal more about iron than about any other trace 
metal. Growing infants and children require about 1 to 1.5 mg of 
elemental iron per day.'* Blood loss from surgical procedures and blood 
sampling during TPN increase these needs. Iron is not generally added to 
TPN solutions because of concerns about physical incompatibility and 
the risk of anaphylaxis with available iron-dextran preparations. Iron 
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Table 3. Suggested Intake of Trace Elements in TPN * 


CHILDREN ADULTS 

(weg/kg/day) (mg/day) 
Zine 150-300 2.5-4.0 
Copper 20 0.5-1.5 
Iodine 5 0.05-0.1 
Chromium 0.14-0.2 0.01-0.02 
Manganese 2-10 0.15-0.8 


“Modified from Shils, M.E., Burke, A.W., Greene, H.L., et al.: Guidelines for essential 
trace element preparations for parenteral use. J.A.M.A., 241:2051, 1979. 


deficiency anemia is thus one of the most common complications of TPN. 
Many patients require blood transfusions for other reasons and even for 
those who do not, we believe that an occasional transfusion to replenish 
iron stores is the best treatment, at least in states such as Connecticut 
where blood is obtained from carefully screened, healthy volunteers. For 
long-term patients, especially those on home TPN, intramuscular in- 
jections of iron-dextran (Imferon) are probably safer than repeated trans- 
fusions. Two recent reports’? have demonstrated that iron-dextran is 
compatible with standard TPN solutions and have suggested guidelines 
for adding iron to TPN solutions in selected patients. 

Vitamins 

Parenteral vitamin requirements are difficult to determine from 
known oral requirements since oral absorption is variable. Furthermore, 
vitamin B,, and the fat soluble vitamins (A,D,E,K) may be stored in body 
tissues and, therefore, are not needed in full daily amounts for short 
periods. Despite these limitations, recommendations for vitamin intakes 
during TPN are based on oral requirements. 

The only parenteral vitamin mixture containing both water- and 
fat-soluble vitamins available in the United States is not really suitable 
for use in infants and children since the ratio of A to D is too high. Since 
the primary function of vitamin D is to facilitate calcium absorption, and 
calcium is provided intravenously during TPN, it is safest to accept a 
relatively low intake of D to avoid the risk of hypervitaminosis A. Vitamin 
E content of this preparation is inadequate, especially in light of recent 
evidence that premature infants have low tissue stores of vitamin E and 
may be more susceptible to membrane damage by peroxidases.” Folic 
acid and vitamins K and B,, must be added separately. 

Despite these limitations, we have not detected evidence of vitamin 
excess or deficiency in our patients. Two and one half ml of the mul- 
tivitamin concentrate are added to each liter of TPN solution for infants, 
providing about 67 units of vitamin D per kg per day and 675 units of 
vitamin A per kg per day. The solution for children contains 1.5 ml of the 
concentrate per liter. Adolescents receive 2.5 ml in one liter each day, 
providing 500 units of vitamin D and 5000 units of vitamin A. 
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Abnormalities of Plasma nine Acid 


Several investigators have evaluated plasma amino acid patterns in 
children during TPN.**'! In general, the plasma amino acid concentra- 
tions reflect the amino acid distribution in the protein source. In most of 
these studies, more amino acids exceeded the normal range than were 
below normal, perhaps because the total protein intake was relatively 
high (greater than 3 gm per kg per day) in most of the infants studied, or 
perhaps simply as a result of inappropriate distribution of amino acids in 
the TPN solutions. Many manufacturers have “‘topped off” their solu- 
tions with a common amino acid such as glutamate or glycine to achieve 
the desired total protein concentration. 

The significance of these plasma amino acid abnormalities is uncer- 
tain. High plasma glutamate concentrations have been shown to damage 
the central nervous system in growing mice and monkeys.”* Inborn errors 
of metabolism, which lead to accumulation of phenylalanine, glycine, 
and other amino acids, have profoundly deleterious effects on human 
growth and development. Plasma amino acid imbalance may also be 
related to the hepatic complications discussed in the next section. Amino 
acid deficiencies during TPN are less common. Cystine, because of its 
insolubility, is virtually absent from all amino acid solutions; it is 
essential for premature infants" and may be for term newborn infants as 
well. Arginine insufficiency may contribute to hyperammonemia. 

Most of the crystalline amino acid solutions now on the market havea 
more balanced amino acid content and the practice of “topping off” with 
one or two amino acids has largely been abandoned. None of the available 
solutions is perfect but most are acceptable for use in children. A great 
deal of work is clearly necessary to design the ideal solution for TPN. 


Hyperammonemia 


Elevated blood ammonia during TPN was first reported by Ghadimi 
in 1971."* Johnson et al.?° demonstrated that hyperammonemia was 
directly proportional to the amount of protein infused. Heird and col- 
leagues'* were able to reduce the high blood ammonia values by adminis-. 
tering additional arginine, which is the rate limiting substrate in the urea 
cycle. Most of the newer crystalline amino acid solutions contain rela- 
tively more arginine than protein hydrolysates or the first generation 
amino acid solutions. This fact and the general practice of limiting 
protein intake to 2.5 to 3.0 gm per kg per day might be expected to reduce 
the incidence of hyperammonemia, and reports of this complication have 
been infrequent in recent years. However, we have recently reviewed 
this subject in the present series of patients.** Seventy-five per cent of 
these infants and children had one or more elevated blood ammonia 
concentrations (greater than 150 wg per dl, technique of Seligson and 
Seligson).*” Age, diagnosis, hepatic dysfunction, duration of TPN, and 
protein source (casein hydrolysate and two different crystalline amino 
acid solutions, including one which provides 1.5 mM per kg per day of 
arginine to infants) did not affect the incidence. Most of the infants 
received no more than 2.5 gm per kg per day of protein. The highest peak 
values were recorded in premature infants. Supplemental arginine to a 
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total dose of 4 mM per kg per day successfully controlled hyperam- 
monemia in one of two patients. The mechanism of hyperammonemia 
during TPN remains obscure. Even higher doses of arginine may be 
necessary. Alternatively, other substrates in the urea cycle (ornithine, 
citrulline) may be deficient or some other plasma amino acid imbalance 
may be responsible. 

The simplest treatment is reduction of protein intake to 1.5 to 2.0 gm 
per kg per day. Since this may compromise growth, we are currently 
willing to accept blood ammonia concentrations up to 250 yg per dl before 
decreasing protein intake. 


Hepatic Abnormalities 


Since the original description of cholestatic jaundice in infants 
receiving TPN by Peden et al.”® in 1971, there have been at least 10 
articles about this complication. Postuma and Trevenen’*' recently re- 
ported that obstructive jaundice developed in one-third of 92 infants 
during TPN and concluded that it is the most common complication of 
TPN. Touloukian and Seashore,’ in a prospective study, found that in 
eight of 19 infants receiving TPN the direct bilirubin increased to greater 
than 2.0 mg per dl. Seven of the eight were premature, and the higher 
incidence of TPN-induced cholestasis in premature infants has been 
observed by others.'*** Sepsis and long duration of TPN also seem to 
predispose to this complication. Factors that are wnrelated to the devel- 
opment of cholestasis include the primary disease, the source of protein 
(hydrolysates or crystalline amino acids),*'** the amount of glucose in the 
infusate, the use or nonuse of fat emulsions,’' and whether the patients 
have been fed.** There is a general impression that cholestasis is more 
common in patients who are given large amounts of protein (more than 
3.0 gm per kg per day) and that decreasing protein intake may ameliorate 
the jaundice. There are no firm data to support this conclusion, however. 

There is a high incidence of elevation of alkaline phosphatase and 5’ 
nucleotidase serum concentrations even among patients in whom overt 
jaundice does not develop. Half of the patients in the present series had 
abnormal elevation of these enzymes although only 10 per cent had 
jaundice, suggesting that some degree of biliary obstruction is indeed 
common. The serum concentration of enzymes associated with 
hepatocellular disease (SGOT, SGPT, LDH) are normal or slightly ele- 
vated. The abnormal liver function tests gradually return to normal once. 
oral feedings are resumed and TPN is discontinued. There have been a 
few reports of cirrhosis in patients who developed obstructive jaundice 
while receiving TPN. 

Histologic examination of the liver reveals moderate to marked 
parenchymal cholestasis and plugging of biliary canaliculi, mild peripor- 
tal inflammatory infiltrate, and areas of extramedullary hematopoiesis. 
Hepatocytes and hepatic architecture are generally preserved, but elec- 
tron microscopic studies clearly demonstrate evidence of hepatocellular 
damage. ! 

The cause of TPN-related cholestasis is not known. Prematurity, 
sepsis, and long duration of TPN clearly predispose to this complication 
but are not likely direct causative factors since jaundice occurs in infants 
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who have none of these. The primary defect appears to be a hepatic 
secretory block,” although electron microscopic studies suggest that 
hepatocellular injury may be an important cause. Vitamin or trace metal 
deficiencies could be responsible since jaundice usually appears after two 
to three weeks of TPN at a time when such deficiencies might develop, 
but there is no direct evidence for this. Cholestasis could be a conse- 
quence of the direct intravenous infusion of nutrients and the lack of 
enteral feeding to stimulate secretion of hepatotropic hormones into the 
portal vein. The most likely explanation, however, is plasma amino acid 
imbalance which is common in infants receiving TPN as noted above. 
Preisig and Rennert*? reported that high concentrations of methionine 
inhibited bile secretion in isolated, perfused rat liver slices. The mean 
plasma methionine concentration in five of our patients was more than 
twice normal.**» This may be a consequence of the inability of newborn 
infants to convert methionine to cystine because of the relative lack of 
cystathionase.'? Whether the high concentration of methionine is related 
to cholestatic jaundice remains to be determined. 

The best treatment for cholestatic jaundice that appears during TPN 
is to institute oral feedings and discontinue TPN. If this is not possible, a 
gradual decrease of protein-intake is sometimes beneficial. Infusions of 
hypertonic glucose without protein should not be given under any 
circumstances since this has been shown to induce fatty liver and 
hepatocellular damage.?” 

Hepatic abnormalities during TPN in older children and adolescents 
are far less common and, when they occur, are similar to those seen in 
adults. Moderate increases in SGOT and LDH are observed occasionally 
and may be associated with a fatty liver. It is not clear whether these 
derangements are the result of starvation and rapid refeeding by TPN or 
of an excess of calories relative to protein. Spontaneous reversal of these 
abnormalities without any change in the TPN therapy is common. 
Providing part of the caloric intake as fat or decreasing total calories may 
be helpful." 

Progressive hepatomegaly, with or without liver function abnor- 
malities, has also been reported. This is a consequence of deposition of 
glycogen and/or fat in the liver when calories are given in excess of 
capacity to deposit fat in adipose tissue.*» The hepatomegaly subsides 
promptly when caloric intake is reduced. 


Consequences of Excessive Protein 


When parenteral nutrition was introduced in the late 1960s, 
hyperalimentation was emphasized to provide more than maintenance 
calories and protein to depleted patients. The importance of protein for 
preservation and synthesis of lean body mass was also recognized. Thus it 
was not uncommon for infants to be given 4 gm per kg per day or more of 
protein. It has become clear that excessive quantities of protein are 
responsible for serious complications. Metabolic acidosis and hyperam- 
monemia are clearly dose related. Excretion of excess amino acids in the 
urine may cause an osmotic diuresis. As noted above, hyper- 
aminoacidemia is more common than deficiency and may be re- 
sponsible for hepatic dysfunction. Three of our patients (previously 
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reported by Touloukian") became acutely comatose when the protein 
intake during TPN was increased above 4 gm per kg per day. Blood 
glucose and ammonia and serum osmolality were normal or slightly 
elevated and there was no evidence of osmotic diuresis or nonketotic 
hyperglycemic dehydration. The patients recovered promptly when TPN 
was discontinued. Plasma amino acid determinations were not per- 
formed but it is assumed that these infants had severe acute 
hyperaminoacidemia which caused central nervous system depression. 

We subsequently conducted a prospective randomized study of pro- 
tein requirements for infants during TPN and demonstrated that 2.5 gm 
per kg per day was ample to achieve positive nitrogen balance and normal 
growth rates.* Most authorities now recommend that protein intake in 
infants receiving TPN should not exceed 2.5 to 3.0 gm per kg per day 
unless excessive protein losses are documented. 


Fat Emulsions 


Fat provides 40 to 50 per cent of caloric intake in a balanced oral diet. 
Intravenous fat emulsions used in the 1940s proved to be unstable and 
toxic. Until recently, the only way to achieve adequate caloric intake with 
TPN was by central venous infusion of hypertonic dextrose. In 1977, 
Intralipid* was introduced into the United States as a 10 per cent 
emulsion of soybean oil stabilized with egg phosphatide and made 
isotonic with glycerol. The 10 per cent solution provides 1.1 cal per ml 
and is relatively nonirritating to veins. It is now possible to achieve an 
adequate and balanced nutrient intake entirely by peripheral vein in 
many patients. 

The stability, safety, and efficacy of Intralipid have been well estab- 
lished by extensive investigation and clinical experience, mostly in 
Europe. The maximum recommended daily dose of fat is 4 gm per kg per 
day in infants and 3 gm per kg per day in children. At these rates, the 
emulsion is rapidly cleared from the serum and metabolized. Higher rates 
may lead to hyperlipidemia, destabilization of the emulsion, coalescence 
into larger fat globules, and fat embolization. The fat overload syndrome 
is characterized by fever, headache, myalgia, thrombocytopenia, hepatic 
and pulmonary failure, and high mortality. 

We did not encounter the fat overload syndrome in any of the 16 
patients who received Intralipid. Cohen et al.,' in a retrospective review 
of 180 infants and children, were not able to detect any significant 
complications of Intralipid therapy at recommended doses. 

Filler et al.'' recently studied Intralipid tolerance in infants by 
nephelometry and found that there is a significant risk of hyperlipidemia 
in premature infants given doses above 2 gm per kg per day. We have 
generally been reluctant to use Intralipid in premature infants who have 
pulmonary disease or jaundice during the first week of life since plasma 
clearance is variable and unpredictable, and hyperlipidemia may exacer- 
bate respiratory failure and may interfere with normal bilirubin binding, 
thus increasing the risk of kernicterus. 

There is no convenient, accurate method to determine plasma clear- 
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ance of fat emulsion. Nephelornetry is not available at most hospitals. 
Visual inspection of the serum for milky appearance has been shown to 
have considerable interobserver bias but is reasonably accurate if the 
serum is clear or grossly lipemic.*! Our present policy is to examine 
serum while Intralipid is being infused. If the serum is milky the infusion 
is stopped and a repeat serum sample obtained in two hours. If the serum 
is clear, the infusion is resumed at the same rate. If it is still lipemic, the 
dose of fat emulsion is reduced. 


Essential Fatty Acid Deficiency 


Biochemical evidence of essential fatty acid deficiency develops 
within one week of fat-free TPN in infants,*** although obvious clinical 
manifestations (dry, scaly dermatitis, sparse hair, growth failure) usually 
do not appear before several weeks.* Essential fatty acid deficiency 
probably interferes with normal immunologic function and may have 
more subtle deleterious effects on platelet and membrane function.’ 
Toshiro et al."* demonstrated that essential fatty acid deficiency can be 
prevented by providing 4 per cent of total calories as linoleic acid. 
Intralipid contains 54 per cent linoleic acid. Infants receiving fat-free 
central TPN should be given 30 to 40 ml per kg of Intralipid by peripheral 
vein twice a week to prevent essential fatty acid deficiency. 


Monitoring 


Many metabolic complications can be detected and treated by careful 
monitoring before they become major clinical problems. Patients should 
be under constant surveillance by experienced nurses and should be 
examined by resident or staff physicians three or four times a day. Vital 
signs, fluid balance, and urine sugar determinations should be recorded 
frequently. Guidelines for biochemical monitoring are outlined below. 
Metabolic complications are most frequent during the first week of TPN 
as the patient adapts to the hypertonic nutrient solution. Monitoring can 
be less frequent thereafter if the patient is physiologically stable. The 
need for microchemical methods to monitor small premature infants is 
obvious. 

Bedside parameters 


Clinical appearance continuous 

Vital signs every four hours 

Fluid balance continuous 

Urine specific gravity every four to six hours 
and glucose 

Weight daily 

Length and head circumference weekly 


Laboratory parameters 


Hematocrit, BUN, glucose, daily for four days, then twice per week 
electrolytes 

Ammonia, bilirubin, SGOT, weekly 
alkaline phosphatase, 5’ nu- 
cleotidase 

Ca, P, Mg, albumin weekly 


Patients on fat emulsion 
Cholesterol, triglycerides weekly 
Serum lipescence daily 
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Summary 


Metabolic complications of TPN in infants and children are numer- 


ous and frequent. Properly designed nutrient solutions, careful monitor- 
ing, knowledge of potential problems, and appropriate management are 
essential to avoid serious complications. Hepatic dysfunction is most 
likely to prevent achievement of adequate nutrient intake. Better delinea- 
tion of trace metal, essential fatty acid, and vitamin deficiencies is 
necessary, particularly in patients who require long-term TPN. 
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Localization and Management of 
Nonpalpable Undescended Testes 


Robert M. Weiss, M.D.,* 
and Morton G. Glickman, M.D.+ 


The incidence of undescended testes in the full-term newborn male 
is approximately 3 per cent, and the majority of those that subsequently 
spontaneously descend do so by the end of the first year of life.2° By 
adulthood, the reported incidence of undescended testes in a group of 
young military recruits is 0.28 per cent.°® 

The subset of genetic males with bilateral absent testes can be 
identified without a surgical procedure.''''*”4 These patients have an XY 
chromosomal pattern, a normal penis, and no evidence of millerian 
structures. Serum follicle-stimulating hormone (FSH) is usually elevated 
and luteinizing hormone (LH) tends to be elevated in patients over nine 
years of age. In addition to these findings, the failure of serum testos- 
terone to increase over basal levels in response to a challenge with 5,000 
to 10,000 units of human chorionic gonadotropin (HCG) provides the 
diagnosis of absence of functioning testicular tissue. We usually obtain 
serum testosterone levels prior to the administration of HCG and then 
one, three, and five days following the course of therapy, since the 
response, although usually evident in 24 hours, may be delayed. 

Levitt et al.!® concluded from a compilation of data from the literature 
that approximately 20 per cent of undescended testes are not palpable. In 
many instances, these data were obtained retrospectively and the per- 
centage of undescended testes that are truly not palpable may be lower. 
When embarking on the management of the nonpalpable undescended 
testis, three possibilities must be considered. (1) The testis may be in the 
inguinal region but not be palpable because of either its small size or the 
distribution of overlying tissues. In addition, a testis may be located 
intra-abdominally within a hernial sac just proximal to the internal 
inguinal ring, and thus not be palpable. Since these testes usually can be 
managed in a manner similar to those located in the inguinal region, they 
will be classified, for the purpose of this discussion, as inguinal. (2) The 
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testis may be located in a high intra-abdominal position; and (3) the testis 
may be absent. 

Preoperative radiologic localization of nonpalpable undescended 
testes has been attempted as an aid in the selection of the operative 
approach and in determining the extent of surgical exploration. A 
number of approaches have been used. Intraperitoneal injection of 
nitrous oxide!’ and other forms of herniography’®”** have limited useful- 
ness because they provide no information as to the localization of 
intra-abdominal testes. The same would appear to be true of the use of the 
CAT scan.” Arteriography®”’”? has been successful in localizing the 
nonpalpable undescended testis but has not been reported in young 
children. Arteriography has a low but finite risk and causes considerably 
more discomfort than venography. We and others prefer transfemoral 


gonadal venography to localize the nonpalpable undescended tes- 
tis, 3°8:10-13.29,31 


Anatomy of Gonadal Vessels 


The gonadal veins drain the testis and epididymis and also receive 
branches from pelvic and lumbar structures. Thus, the presence of an 
internal spermatic vein does not in itself indicate the presence of a testis. 
The left gonadal vein terminates in the inferior surface of the left renal 
vein. Its orifice is usually medial to that of the ureteral vein and is located 
within a few millimeters of the left lateral border of the vertebral column 
in the frontal projection. The ureteral vein can be distinguished from the 
gonadal vein because of its more medial course in close proximity to the 
ureter. When two renal veins are present, the gonadal vein tends to 
terminate in the inferior of the two renal veins. Rarely, a division of the 
gonadal vein enters the suprarenal vein or the second lumbar vein. The 
vena cava should be explored in instances of left renal agenesis. 

The right internal spermatic vein terminates in the inferior cava in 
over 90 per cent of patients.” The orifice usually drains into the anterolat- 
eral wall of the vena cava at the same level as the takeoff of the right renal 
vein or within 1 cm inferior to its origin. In 10 per cent of patients, the 
right gonadal vein drains into the renal vein and, in addition, the right 
gonadal vein has been observed to branch from the left renal vein.! 

Occasionally, the internal spermatic veins are solitary, but more 
often they consist of multiple freely communicating vessels.' The inter- 
nal spermatic veins receive multiple branches which include a relatively 
constant branch that drains the inferolateral portion of the renal capsule. 
Intercommunications have been described with the pelvic veins that 
terminate in the hypogastric vein, the ureteral veins, and the azygos or 
hemiazygos systems. ! 


Methods of Gonadal Venography 


Selective gonadal venography is performed using a modified Sel- 
dinger technique.”’ The catheter is introduced percutaneously into the 
femoral vein. For left internal spermatic venography, the inferior surface 
of the renal vein is examined using Nos. 4 or 5 French thin-walled 
polyethylene catheters with two curves, each forming an angle of approx- 
imately 90° with the shaft of the catheter. The distance between the two 
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curves is about 1.5 times the anticipated lateral diameter of the vena 
cava. Once the catheter tip has entered the left renal vein, the proximal 
curve on the catheter serves to advance the tip toward the left and the 
distal curve to point the tip inferiorly. The catheter tip is advanced along 
the inferior surface of the left renal vein until the orifice of the gonadal 
vein is engaged. As the venous branch is entered a small volume (1 to 2 
ml) of meglumine and sodium diatrizoate is injected slowly and moni- 
tored fluoroscopically. When the internal spermatic vein is identified, 3 to 
5 ml of meglumine and sodium diatrizoate are injected over a 2 to 5 
second period and serial films obtained. In certain instances, a guide wire 
is used to advance the catheter tip down the gonadal vein. 

The right internal spermatic vein orifice is more difficult to 
catheterize because of its location on the anterolateral wall of the vena 
cava. With perseverance, however, we have been successful in veno- 
graphically determining whether a gonadal vein was present in 17 of 19 
(89.5 per cent) right nonpalpable undescended testes and in 22 of 24 
(91.7 per cent) left nonpalpable undescended testes. Diamond et al.* 
reported only a 50 per cent success rate (4 of 8 veins) in catheterizing the 
right gonadal vein in comparison to a 79 per cent success rate (11 of 13 
veins) with catheterization of the left gonadal vein. 

The vena cava is ovoid in shape with its lateral diameter larger than 
its anteroposterior diameter. In attempting to catheterize the right 
gonadal vein, the venographic catheter is curved with a horizontal 
segment, approximately equal in length to the lateral diameter of the 
vena cava, which is used to stabilize the catheter. Distal to this segment, 
the catheter tip is curved so as to point anterolaterally and inferiorly. If 
the orifice is not found in the vena cava, the inferior surfaces of the right 
and left renal veins are examined in an attempt to localize the right 
gonadal vein. 

Competent valves may impede complete opacification of the gonadal 
veins. These valves are usually located close enough to the takeoff of the 
gonadal vein from the vena cava or renal vein so as to permit advance- 
ment of the catheter through the valve. A semi-erect position or guide 
wire may aid in circumventing the valve. Impediment of injection of 
contrast material by a competent valve must be considered when inter- 
preting the venogram. 


Complications of Venography 


Complications should be minimal. One patient had mild flank pain 
secondary to extravasation of contrast material from the proximal portion 
of the internal spermatic vein. This resulted from too forceful an injec- 
tion, and no therapy was required. One patient was placed in a hyperos- 
molar state from the injudicious injection of excess contrast material. 
This complication, which can follow any angiographic procedure, should 
be avoidable. A small hematoma may occur at the puncture site as with 
any venipuncture. 


Venographic Findings 
In a prospective study, gonadal venography was performed prior to 
exploration in 43 instances of undescended testes. The findings at 
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Table 1. Venographic Classification and Anatomic Correlation 


VENOGRAM SURGERY 


Awaiting 
Testis No Testis* Exploration 


Pampiniform plexus 


Inguinal 9 2) 

Abdominal 5 1 
Blind-ending vein without valve Bl 1 10 (7) 
No vein Hes 4 9 (4) 
Blind-ending vein with valve 3 iG) 


*Numbers in parentheses = blind-ending vas deferens. 


venography have been classified into three groups (Table 1). The internal 
spermatic vein may terminate in a mesh of vessels, referred to as a 
pampiniform-like plexus (Fig. 1). This has been observed in 15 instances; 
9 in the inguinal region and 6 in a high intra-abdominal location. In every 
instance in which a pampiniform-like plexus was present in our experi- 
ence, a testis was found at the site predicted by the venogram. It should 
be noted that the gonadal vein also drains the epididymis, which may 
account for Wein’s*® failure to localize a testis in a case in which he 


Figure 1. Left testicular veno- 
gram in a three year old child shows a 
pampiniform-like plexus (closed ar- 
rows) superimposed on the left iliac 
crest. The ureteral vein is also opac- 
ified (open arrows). At surgery, a nor- 
mal testis was found in the mid- 
abdomen at the site indicated by the 
venogram. 
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demonstrated a pampiniform-like plexus. Perhaps the more important 
information obtained from the data of this group is that at no time has a 
testis been found at a site separate from such a termination of a gonadal 
vein. 

In 11 instances in our experience, the internal spermatic vein ended 
blindly either in the inguinal region or at a site just proximal to the 
internal inguinal ring (Fig. 2). No testis was found in 10 of the 11 cases. 
In the one case in which a testis was found, it was an abnormally small 
immature gonad which was separated from a rudimentary vas by a 
mesorchium. The testis, however, was found at the location predicted by 
the venogram. In 7 of the 10 cases in which no testis was found, a 
blind-ending vas was found in the inguinal region. 

In four instances a valve prevented opacification of the terminal 
portion of the gonadal vein (Fig. 3). In three of these four cases a testis 
was found at a site inferior to the valve along the venographically 
predicted course of the vein. In the fourth case, no testis was present. In 
no instance was a testis found at a site separate from the termination of 
the gonadal vein as predicted venographically. 

In 9 of 13 cases in which no gonadal vein was identified venographi- 
cally, the testis was absent. A gonadal vein was missed venographically 
twice on the right and twice on the left. One of these patients had 
congenital absence of the left kidney and although the adrenal vein was 
catheterized, the vena cava was not explored. In all likelihood, the 


Figure 2. A 3% year old child 
with nonpalpable left testis. Venog- 
raphy shows that the left testicular 
vein ends blindly (arrow) several 
centimeters superior to the inguinal 
canal. At surgery, an atretic vas was 
present adjacent to the blindly- 
ending testicular vein at the site in- 
dicated by the venogram. No testis 
was found. 
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Figure 3. A 22 year old man 
with a nonpalpable right testis. 
Prior exploration of the right in- 
guinal canal and the retro- 
peritoneum to the level of the kid- 

_ ney failed to disclose a testis or any 
cord structures. Right testicular 
venogram shows complete 
obstruction to retrograde injection 
of contrast medium by a valve 
superimposed on the right iliac 
crest. Attempts to traverse the 
valve with a guide wire and to 
opacify the vein below the valve by 
injecting in the upright position 
failed. Although the presence of a 
testis could not be confirmed ven- 
ographically, the presence of a tes- 
ticular vein that was not identified 
at surgery suggested that a testis 
might be present. At the time of 
reexploration, an intraperitoneal 
testis was found in the abdomen 
just below the level of the iliac 
crest. 


gonadal vein drained into the vena cava and, therefore, was not iden- 
tified. The two missed right gonadal veins were in children with prune 
belly syndrome. 


Findings at Surgery 


Of the 42 patients with nonpalpable undescended testes who have 
undergone exploration, a testis was found in the inguinal region or 
intra-abdominally just proximal to the internal inguinal ring in 14 
instances (33.3 per cent). The testis was absent in 20 (47.6 per cent) and a 
high intra-abdominal testis was found in 8 (19.1 per cent) (Table 2). Thus 
in 28 cases (66.7 per cent) the testis would have been missed through a 
standard inguinal incision or its localization would have been difficult 


Table 2. Findings at Surgical Exploration 


RIGHT LEFT TOTAL PER CENT 
Inguinal testis 6 8 14 Sou 
High intra-abdominal testis 3 5 8 19.1 
Absent testis* 10 (6) 10 (6) 20 47.6 


*Numbers in parentheses = blind-ending vas deferens. 
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and time-consuming. It is in these cases of absent or high intra- 
abdominal testes that venography has its greatest value. 


Selection of the Operative Approach 


We use the findings of venography to aid in the selection of the 
operative approach. A standard inguinal approach is used when a pam- 
piniform plexus is identified in the inguinal region or just proximal to the 
internal ring or when a valve prevents adequate visualization of the 
termination of the gonadal vein. In the latter cases it is presumed that a 
testis might be present. 

A midline incision is employed when the gonadal vein is not iden- 
tified or when the vein ends blindly. This permits a rapid and thorough 
intraperitoneal exploration when the testis is not found in the vicinity of 
the inguinal canal. Although we have explored intraperitoneally all cases 
in which a blind-ending vein was localized to the inguinal region, in no 
case has a testis been found separate from the termination of the gonadal 
vein. If with more experience this relationship persists, these cases will 
be explored through an inguinal incision. 


Indications for Gonadal Venography 


Gonadal venography has aided in the selection of the operative 
approach and in determining the extent of surgical exploration. It does, 
however, have the disadvantage of being an invasive study and is 
associated with a certain degree of radiation exposure. Furthermore, an 
anesthetic or heavy sedation is required in the very young child. Thus, 
although we have found preoperative venography to be of value in the 
management of the nonpalpable undescended testis, every attempt has 
been made to curtail its use to the truly nonpalpable undescended testis. 

Those with bilateral nonpalpable testes have an endocrinologic ver- 
ification of the presence of at least one hormonally functioning testis prior 
to venography. A careful physical examination in the supine, erect, and 
crossed-leg sitting positions is performed on two or more occasions to 
verify the absence of a palpable testis. The cremasteric reflex is sup- 
pressed by the cross-legged position which is of particular use in diagnos- 
ing the retractile testis. In addition, a testis is considered to be present in 
the inguinal region if a reliable history of its being previously palpated is 
available. These stricter criteria for classifying a testis as nonpalpable 
probably accounts for the 47.6 per cent incidence of testicular agenesis in 
our series of nonpalpable undescended testes. This incidence is higher 
than the 25 per cent figure compiled by Levitt et al.'’ from several 
previously reported series.'*** In addition, ultrasonography has recently 
been demonstrated to have localized nonpalpable testes within the 
inguinal canal.?° Since ultrasound is a noninvasive technique, we suggest 
ultrasonic examination prior to venography. If a testis is demonstrated, 
venography is superfluous. If the testis cannot be localized by ultrasound, 
we proceed to venography. 

Although we have employed gonadal venography as a preoperative 
examination in the management of the nonpalpable testis, its use alterna- 
tively as a postoperative examination in patients in whom surgical 
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exploration has failed to identify a testis has certain attractive features. It 
would eliminate the use of venography in patients with nonpalpable 
inguinal testes, as occurred in one third of our cases, and in a certain 
percentage of patients with high intra-abdominal testes. It is hoped that 
ultrasonography may reduce this 33.3 per cent figure. The postoperative 
use of venography, however, does have the disadvantage of occasionally 
necessitating a second surgical exploration. 

Preoperative gonadal venography may aid in limiting the extent of 
the surgical exploration. When the termination of the gonadal vein has a 
high intra-abdominal location, an initial midline approach with early 
opening of the peritoneal cavity will save time and avoid unnecessary 
dissection of the inguinal canal. To date in instances in which venog- 
raphy has shown the gonadal vein to end blindly in the vicinity of the 
inguinal canal and exploration of the region has failed to identify a testis, 
whether or not a vas was present, we have still explored the intra- 
abdominal cavity. Since there have been no reported cases of a testis 
being found at a site separate from the termination of a gonadal vein and 
since our experience to date supports this contention, intra-abdominal 
exploration probably can be avoided in this subset of individuals who 
have undergone preoperative gonadal venography. 

We have explored all patients in whom a gonadal vein was not 
identified. A small but finite failure rate with venography supports this 
policy. A particular problem is the postpubertal male with an asymptom- 
atic, nonpalpable testis. Martin and Menck analyzed the risk of death 


Figure 4. A vas deferens was found to terminate in a small nubbin of tissue (arrow). 
Although this might be mistaken for an “atrophic testis,” histologic examination showed an 
epididymis without any testicular tissue. 


NONPALPABLE UNDESCENDED TESTES XG! 


Figure 5. A, Exploration of the inguinal canal in a four year old boy with a nonpalpable 
undescended testis showed a vas deferens (arrow) terminating in small structure which was 
excised (not shown), and on frozen section proved to be epididymis. The retractor is at the 
internal inguinal ring and traction is being placed on the vas. B, Subsequently, after opening 
the peritoneal cavity, a testis was found (small arrow) and brought into the wound. The testis 
was not attached to the vas deferens (large arrow) which can be seen descending into the 
retrovesical space where it will terminate in the prostatic urethra. 
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owing to testicular malignant disease in patients with undescended 
testes and concluded that the risk was high enough to warrant surgical 
exploration in all patients under 50 years of age.*' Such a procedure in the 
adult usually would involve transperitoneal exploration in addition to 
inspection of the inguinal canal. Since the risk of death from testis tumor 
is small and decreases with increasing age and since our data suggest 
that 40 to 50 per cent of these young adults with nonpalpable testes have 
an absent testis, it would be of value to obviate surgical exploration in as 
many of these young adults as possible. Gonadal venography is techni- 
cally simple in adults and the chance of missing a vein, especially on the 
left side, should be minimal. 


Implications of Gonadal Venography 


In our series when a gonadal vein terminated in a pampiniform-like 
plexus, a testis was found in the same region. In no instance was a testis 
found at a site separate from the termination of the gonadal vein. When a 
gonadal vein ended blindly, the testis was usually absent. Frequently, a 
blind-ending, often extremely small or atretic vas was located at the site 
of termination of the gonadal vein as predicted by the venogram. A small 
nubbin of tissue was at times present at the termination of the vas. 
Histologic examination of this tissue revealed fat, connective tissue, 
muscle, or epididymis. This tissue may grossly simulate an atrophic testis 
(Fig. 4), and examination by frozen section may be required, since the 
localization of such nongonadal structures in the inguinal region is not 
sufficient evidence to make the diagnosis of testicular agenesis. We have 
observed a vas and epididymis in the inguinal canal and a separate testis 
located intra-abdominally (Fig. 5), and similar cases have been described 
rh) (Wave InlimereenouRs,, Vee 

The data obtained in our study and a review of literature suggest 
that: (1) a gonadal vein with a pampiniform-like plexus almost always 
indicates that a testis is present, (2) a blind-ending vein on venography 
suggests the absence ofa testis, (3) a gonadal vein or vas deferens may be 
present without a testis, (4) a testis probably cannot be present without a 
gonadal vein, (5) a testis may be present without a vas, (6) a blind-ending 
vas deferens does not necessarily indicate the absence of a testis, and (7) 
a blind-ending vas deferens in a patient in whom a blind-ending gonadal 
vein is localized to the same region indicates absence of a testis. 
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Symposium on Complex Surgical Problems 


Shunts for Variceal Hemorrhage: Why? 
When? What? 


Richard J. Gusberg, M.D.* 


While shunt surgery in patients with portal hypertension and variceal 
bleeding has been widely performed for more than 30 years , many basic 
questions about its therapeutic role persist.. Since Whipple”? and 
Blakemore’ first reported their results with portacaval shunting in pa- 
tients with portal hypertension, a large variety of operations have been 
designed to connect the portal and systemic venous circulations (both 
selectively and nonselectively) in the hope of improving the length or 
quality of life in patients with cirrhosis. Despite this relatively large 
experience, the results of the surgical treatment of portal hypertension 
have often raised more questions than they have provided answers: Is 
shunt surgery better than the alternatives in the treatment of bleeding 
esophageal or gastric varices? Who will benefit from surgery and how can 
these patients be selected? What is the best operation and when should it 
be done? Any attempt to answer these questions must do so in the context 
of the realization that most of the patients are incurable alcoholics, 
admitted to the hospital with a complication of progressive and incurable 
liver disease; whether the surgical treatment of this complication (bleed- 
ing) is either cost effective or socially effective transcends many of the 
strictly medical issues, and it is currently not possible to answer. The 
following review addresses these questions in the context of both the past 
history and current trends in the surgical treatment of bleeding varices. 


The Problem 


Hemorrhage from varices is the most common single cause of death 
in patients with cirrhosis. In a collected series of over 1100 patients 
admitted to the hospital with variceal bleeding almost 70 per cent died on 
that admission either of bleeding or its complications.’ In the majority of 
those patients who survive the initial hemorrhage, the bleeding recurs.° 
It seems safe to conclude, therefore, that if surgery undertaken to stop 
this bleeding is effective and safe it should be widely recommended. 

The goals of shunt surgery in patients with variceal bleeding are 
clear: control and prevent hemorrhage; preserve hepatic function; avoid 
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portal-systemic encephalopathy; and control or prevent ascites. Any 
operation advocated for the treatment of bleeding varices should be 
evaluated in the context of these goals. 


The History 


In the patient with cirrhosis, portal hypertension, and varices, what 
is the role for prophylaxis? Can shunt surgery be performed prior to an 
episode of variceal bleeding (at a time when the patient has good hepatic 
function and is hemodynamically stable) and result in an improvement in 
the quality of life? In a prospective randomized trial previously under- 
taken at Yale, comparing medical therapy to prophylactic shunt surgery 
(generally end-to-side or side-to-side portacaval shunts) in patients with 
portal hypertension,’ the results were unequivocal: prophylactic shunt 
surgery offered no survival advantage over medical therapy; in fact, the 
comparative survival of patients following shunts was somewhat worse. 

Up to the present time there have been three prospective, ran- 
domized trials comparing therapeutic shunts (predominantly end-to-side 
or side-to-side portacaval) to nonsurgical therapy in the management of 
patients with variceal bleeding.®:'”:'° In none of the three studies has there 
been a statistically conclusive difference in survival between the surgi- 
cally and medically treated groups. In each of the studies, however, the 
survival following surgery was higher, a consistent trend favoring surgi- 
cal therapy. If the survival data from the three studies are combined the 
improved survival following shunt surgery becomes significant (p<0.06). 
Though some may question the statistical validity of this approach, it 
seems juStified in that the three study groups are comparable in patient 
population, randomization procedure, and approach to treatment. De- 
spite these data, many remain unconvinced of the survival benefit 
following shunt surgery. While these trials are the most objective data 
available comparing medical to surgical therapy, a number of problems 
may be cited that at least cast doubt on their validity: (1) the patients 
were mostly older, alcoholic cirrhotics from lower socioeconomic groups; 
(2) in approximately two-fifths of the patients the bleeding source was not 
documented endoscopically (and it has been well shown that even in 
patients known to have portal hypertension and varices, an episode of 
gastrointestinal hemorrhage may be from a nonvariceal source in as 
many as 50 to 60 per cent);*!! (3) the data were not stratified relative to 
hepatic reserve; (4) hemodynamic measurements were not consistently 
recorded (specifically, portal pressures and post-shunt pressure drop); 
and (5) the outcome was evaluated in terms of survival only (perhaps not 
the most appropriate criterion since all shunt surgery is directed at only 
the complication of a disease that is generally progressive and always 
incurable). 

Despite these uncertainties, there are some conclusions that can be 
drawn from the available data and from the early history of shunt surgery, 
conclusions that can be used to support treatment recommendations in 
specific patients: (1) There is no present, reliable method for predicting 
which patients with portal hypertension will bleed from varices and no 
present role for prophylactic portal-systemic shunts in those patients 
with no history of variceal bleeding. (2) An episode of upper gastrointes- 
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tinal hemorrhage in a patient with portal hypertension does not necessar- 
ily mean that varices are the source. (3) While the cause of variceal 
bleeding is unknown, and the time of onset unpredictable, death from 
variceal bleeding is common. (4) Therapeutic portal-systemic shunts 
probably prolong survival (when compared to medical therapy) and are 
effective at controlling variceal bleeding and preventing its recurrence 
(with probably the best results in good risk patients operated upon 
electively after one episode of hemorrhage). (5) While these total shunts 
are effective at controlling variceal bleeding, they divert all of the portal 
blood away from the liver and are associated with an increased incidence 
of portal-systemic encephalopathy and hepatic failure. It is this trade-off 
that raises the most serious questions about the therapeutic benefits of 
total shunts in the management of variceal bleeding: in patients treated 
medically the most common cause of death is variceal hemorrhage; in 
patients treated surgically death from bleeding is rare, death from hepatic 
failure is common,’ and a significant percentage of the survivors are 
affected by portal-systemic encephalopathy. 


The Selective, Distal Shunt 


It is in this context that Warren and Zeppa*' developed the concept of 
selective variceal decompression. They recognized that traditional 
portal-systemic shunts (total shunts) controlled variceal bleeding be- 
cause they effectively lowered variceal pressure; they presumed, further, 
that all total shunts diverted all portal blood away from the liver and that 
this diversion of both oxygen and humoral, hepatotropic portal sub- 
stances'’ was largely responsible for the post-shunt increase in encepha- 
lopathy and hepatic failure. They devised a shunt that would selectively 
decompress the varices (and presumably, therefore, control variceal 
bleeding) yet preserve prograde portal flow (leaving undisturbed the 
elevated portal pressure and the perfusion of the liver by portal blood rich 
in oxygen, toxic end-products of gut metabolism, and humoral sub- 
stances apparently important in maintaining hepatic integrity and func- 
tion). This was the rationale for the selective, distal splenorenal shunt, 
and its hemodynamic basis seemed reasonable. 

The early clinical results with the distal splenorenal shunt generally 
supported this rationale. The effectiveness in controlling variceal bleed- 
ing was comparable to that following a total, portal-systemic shunt; there 
was evidence of preserved prograde portal flow and an associated de- 
creased incidence of portal-systemic encephalopathy. 

As experience with this selective, distal shunt has accumulated it is 
now possible to have a broader perspective on its hemodynamic basis and 
clinical applicability. 

Galambos et al.* in a randomized, controlled trial comparing selective 
and total shunts in the treatment of bleeding esophageal varices in 48 
patients followed for an average of two and a half years found comparable 
survival rates, comparable low rates of recurrent variceal bleeding, and a 
significantly lower incidence of portal-systemic encephalopathy follow- 
ing the selective, distal shunt (p<0.05). These early results were en- 
couraging, seeming to confirm the premise that the selective shunt does 
indeed preserve prograde portal flow (and with less diversion of portal 
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blood around the liver is associated with a lower incidence of encepha- 
lopathy and perhaps liver failure). 

Two years later, Rikkers!” reported a longer follow-up study of the 
same group of previously randomized patients. The study raised some 
significant questions. Using angiography to determine the direction of 
portal flow, no patient with a patent shunt had prograde portal flow either 
early or late following a nonselective, total shunt; among a selected group 
of patients undergoing the distal splenorenal shunt, 12 of 14 had prograde 
portal flow early postoperatively whereas only five of 12 patients had 
continued portal-hepatic perfusion at an unspecified later time in the 
postoperative period. Within four years of follow-up, therefore, the major- 
ity of patients studied no longer had perfusion of the liver by portal blood 
(the preservation of prograde portal flow being the major theoretical 
advantage of the selective shunt). The patients with the distal shunt 
continued to have an operative mortality, long-term survival, shunt 
patency, and rate of recurrent variceal bleeding comparable to those 
undergoing the total shunt; the incidence of portal-systemic encepha- 
lopathy (clinical severity unspecified) remained significantly lower in the 
selective shunt group (12 versus 48 per cent, p <0.005). 

Since this study, there have been a number of more recent reports 
examining the clinical and hemodynamic consequences of the selective, 
distal shunt.!°"'"* Rotstein et al.'* reported portal vein thrombosis in five 
of 48 patients followed for an average of approximately three years after a 
selective shunt (a complication that will certainly eliminate prograde 
portal flow). Maillard et al.'' with careful, serial hemodynamic and 
angiographic studies in 19 patients following a distal splenorenal shunt 
demonstrated (over time) the progressive development of portal-systemic 
collaterals and the associated progressive loss of prograde portal perfu- 
sion. Whether the early clinical benefits of the selective shunt with its 
lower incidence of encephalopathy will inevitably be erased as portal 
perfusion is lost or whether this gradual rather then abrupt loss in portal 
flow offers some protective effect (allowing for some form of hepatic 
compensation) remains to be determined. 

In a recently reported prospective, randomized trial comparing selec- 
tive, distal shunts to end-to-side portacaval shunts! (56 patients ran- 
domized with a mean follow-up of less than four years), Langer et al. 
reported results similar to those previously reported by Rikkers'’: long- 
term survival and the incidence of rebleeding were comparable; the 
incidence of postoperative encephalopathy was significantly lower (less 
frequent, 14 versus 50 per cent, p<0.05; and less severe, 0 versus 18 per 
cent). In this relatively small series there were no hospital fatalities in the 
portacaval shunt group and 19 per cent in the selective group (p<0.05). 


Present Perspective 


In view of the currently available data, the role of the selective, distal 
shunt in the treatment of patients with portal hypertension and bleeding 
varices remains incompletely defined. With the post-shunt persistence of 
sinusoidal and portal hypertension, the reconstitution (over time) of 
portal-systemic collaterals may be inevitable (and may result in an 
incidence of portal-systemic encephalopathy and hepatic failure that 
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increase with time); the relief of diuretic-resistant ascites (dependent, in 
part, for its formation on elevated portal and sinusoidal pressure) is 
uncertain (in some patients, in fact, significant ascites develops de novo 
following the shunt); the relief of hematologically-significant hyper- 
splenism is also uncertain following the selective shunt (and in such 
patients a spleen-removing shunt may well be indicated). In addition, 
certain technical considerations may limit the applicability of the selec- 
tive shunt. The degree of variceal decompression is limited by the size of 
the splenorenal anastomosis, and, more specifically, by the size of the 
splenic vein (with a diameter of less than 1 cm the splenic vein is 
probably not suitable to use for selective shunting); previous, severe, or 
recurrent pancreatitis may make the dissection and mobilization of the 
splenic vein prohibitively difficult; patients with preoperative evidence 
of portal vein thrombosis or hepatofugal flow are not candidates for an 
operation designed to preserve prograde portal perfusion. 


Yale Series 


Realizing that death from variceal hemorrhage remains the leading 
cause of death in patients with cirrhosis and portal hypertension and that 
the various shunt alternatives have left a number of important treatment 
questions unanswered, Yale—New Haven Medical Center, the West 
Haven Veterans’ Administration Hospital, and several Boston hospitals 
associated with the Boston Interhospital Liver Group (Lemuel Shattuck, 
Faulkner, Deaconness, Cambridge City, Mt. Auburn, and St. Elizabeth’s 
Hospitals) entered into a prospective, randomized trial comparing 
therapeutic selective distal splenorenal shunts to total portal-systemic 
shunts. The trial had several specific objectives: to assess the relative 
effectiveness of the shunts in stopping and preventing variceal hemor- 
rhage; to determine the relative effect of selective and total shunts on 
long-term survival; to document the relative incidence of post-shunt 
encephalopathy and hepatic failure; and to determine the benefit of the 
selective shunt relative to a number of specific sequelae reportedly seen 
following conventional portal-systemic shunts (such as hemosiderosis,* 
peptic ulcer," relief of hypersplenism,’ and relief of ascites). 

If such a study is to produce clinically useful data helpful in guiding 
decisions for work-up and treatment of patients bleeding from varices, 
the results must be evaluated at several levels: the type of cirrhosis 
(alcoholic versus post-necrotic); hemodynamic measurements to confirm 
the degree of portal hypertension and decompression; stratification of 
post-shunt outcome (early and late) relative to hepatic reserve; the ratio 
of cost to benefit for the various treatments; and a consideration of quality 
as well as quantity of life in assessing the long-term results. 

A randomized trial was begun in 1975 and as of July 1979, 37 patients 
had been randomized to either selective or total shunts.'’ The criteria for 
inclusion in the study were specific: cirrhotic patients (clinically diag- 
nosed and histologically confirmed) hospitalized with documented var- 
iceal hemorrhage; a hepatoportal pressure gradient of greater than 12 
mm Hg (wedged minus free hepatic venous pressure); prograde portal 
venous flow; portal, splenic, and renal veins that are technically feasible 
to use for shunting; a reasonable operative candidate. 
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As of July 1979, 131 patients with esophagogastric hemorrhage were 
considered for study: 28 (21 per cent) had uncontrolled bleeding, 52 (40 
per cent) were rejected for randomization, 14 (11 per cent) refused, and 
the remaining 37 (28 per cent of the patients) were randomized. 

The reasons for rejection of 52 patients were several: unreasonable 
operative risk in 31 patients (due to both hepatic and nonhepatic disease), 
retrograde portal flow in 9, unsatisfactory venous anatomy in 9, and 
inadequate pressure gradient in 3. 

Among the 37 patients randomized the selective and total shunt 
groups were Statistically indistinguishable relative to age, sex, incidence 
of alcoholic cirrhosis, Child’s classification, hepatic vein wedge pressure 
(a reflection of sinusoidal pressure), or the wedged-free hepatic vein 
pressure gradient. Of these first 37 patients, 21 were randomized to 
portal-systemic shunt (14 portacaval, 5 mesocaval, 1 splenorenal) and 16 
to distal, splenorenal shunt. 

With the duration of follow-up by July 1979 reaching 48 months and 
recognizing that there are still relatively small numbers of patients in 
each group, some preliminary results are available. There was no 
statistically-significant difference in either the cumulative survival or the 
rate of recurrent variceal hemorrhage; the incidence of portal-systemic 
encephalopathy was comparable between the total and selective shunt 
groups (21 versus 33 per cent, with no significant difference) and 
included only one patient graded as having severe encephalopathy (fol- 
lowing a distal, splenorenal shunt). Though the numbers are still small 
and the follow-up still short, preliminary results of this randomized trial 
do not, as yet, support a contention that one type of shunt is uniformly 
superior. 


Which Shunt? 


At present the role of the selective, distal splenorenal shunt in the 
treatment of variceal hemorrhage is still uncertain. Comparing this 
shunt to the conventional portal-systemic shunt we are left largely with 
tentative conclusions: among alcoholic cirrhotic patients there is no 
current evidence of prolonged survival (though survival may be pro- 
longed in patients with nonalcoholic cirrhosis);’ it seems to be compara- 
bly effective at preventing variceal hemorrhage; the early maintenance 
of prograde portal flow appears more likely (though this becomes less so 
over time, coincident with the reestablishment of portal-systemic collat- 
erals); the early postoperative incidence of portal-systemic encepha- 
lopathy may be lower, although this difference seems to become less 
clear with time and may disappear when considering only clinically 
significant encephalopathy, resistant to medical and/or diet therapy. 

In making treatment decisions in patients with variceal hemorrhage, 
we are left with many of the same uncertainties with which we started. 
The data that shunts prolong survival when compared to nonsurgical 
therapy are suggestive and probable but not unequivocal. Among pa- 
tients documented to have bled from varices there are no preoperative 
criteria that can be used to select patients for surgery and predict which 
patients will do well after what kind of operation (the Child’s criteria are 
helpful in predicting operative mortality but have no predictive value 
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relative to long-term survival).*” The only hemodynamic measurements 
that have been suggested to be useful in predicting post-shunt outcome 
are hepatic arterial flow changes following portacaval shunt (with flow 
increases of greater than 100 ml per minute seeming to correlate with 
less encephalopathy and improved survival);? these results have not been 
duplicated and whether these acute flow increases are sustained or 
correlate with long-term benefits or can be predicted by some preopera- 
tive, hemodynamic determination all remain uncertain. 


The Patient with Bleeding Varices 


In the patient with alcoholic cirrhosis admitted to the hospital with a 
significant upper gastrointestinal hemorrhage, we at Yale consider sev- 
eral points to be fundamental in the evaluation and management: a 
compulsive attempt should be made to document the bleeding source 
endoscopically (recognizing that in this setting there is a reasonable 
chance that the bleeding is from a nonvariceal source);*"! if the bleeding 
stops and there is no obvious source other than the varices, early 
angiography (including celiac and superior mesenteric artery injection as 
well as inferior vena cava and hepatic vein catheterization) should be 
undertaken, focusing on several specific points: the size of the liver and 
degree of hepatic arterial perfusion, the size and patency of the portal, 
splenic, and renal veins, the direction of flow in the portal vein, the 
inferior vena cava pressure and gradient across the diaphragm, the 
wedged hepatic vein pressure (and the wedged minus free hepatic vein 
pressure gradient); if the endoscopic findings are equivocal (varices 
present, no visible and active variceal bleeding, no other pathologic 
process) and if the wedged minus free hepatic vein pressure gradient 
exceeds 12 mm Hg, this setting is consistent with variceal bleeding and 
the varices are assumed to be the source; if the bleeding persists (more 
than 1000 ml) despite iced saline lavage, a peripheral intravenous 
infusion of pitressin is begun (0.2 units per minute, increased to as high 
as 1.0); if pitressin fails to stop the bleeding after an additonal 1000 ml of 
blood loss, a Blakemore-Sengstaken balloon is placed. At our institution 
this scheme has been generally effective at acutely controlling the 
bleeding from varices. We are currently evaluating several newer tech- 
niques in the acute management and control of variceal hemorrhage: 
transesophageal variceal injection (sclerotherapy); percutaneous, trans- 
hepatic portal vein catheterization with selective cannulation and collat- 
eral obliteration; and umbilical vein catheterization with cannulation and 
obliteration of collaterals. We believe that our aggressive attempt to stop 
the acute bleeding and avoid emergency shunt surgery is warranted and 
supported by the available data. If bleeding is uncontrolled (or slowed but 
not stopped) early angiography and shunt surgery (before the loss of more 
than 8 units of blood) may be indicated. If the bleeding has stopped and 
(a) the endoscopic and angiographic findings are consistent with variceal 
bleeding, (b) the patient is a reasonable operative risk, and (c) neither 
previous surgery, the liver disease, the vascular anatomy, the state of 
hepatic perfusion, nor the presence of intractable ascites precludes the 
performance of either a total or selective shunt, the patient is eligible for 
randomization. 
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Until the results of such randomized clinical trials are available (with 


adequate length and breadth of follow-up), the basis for the surgical 
treatment of variceal hemorrhage will remain often anecdotal and the 
real questions raised regarding the role of shunt surgery for this problem 
will remain largely unanswered. 
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Short bowel syndrome refers to a condition of malabsorption and 
malnutrition following a major resection of the small intestine, which 
may also include some or all of the large intestine. Two influences have 
stimulated interest in short bowel syndrome over the last decade and led 
to improvements in the conceptualization of its pathophysiology. These 
influences have also resulted in a more rational basis for treatment. First, 
the development of total parenteral nutrition, along with general im- 
provements in preoperative and postoperative surgical care, has resulted 
in the long-term survival of an increased number of patients with short 
bowel syndrome. Second, although the model of jejunoileal bypass as 
performed for morbid obesity or hyperlipoproteinemia is in some respects 
an imperfect imitation of short bowel syndrome, the widespread perfor- 
mance of this operation in the 1970s stimulated interest in the adaptive 
responses of the functioning remnant of intestine. 

The underlying conditions leading to a major loss of the intestine, 
and also the consequences, depend on the age group of the patients. In 
infants necrotizing enterocolitis, volvulus, and intestinal atresias are the 
major reasons for resections. Older children may require resection for a 
variety of congenital, acquired, and traumatic conditions, and, in general, 
have greater potential for adaptive compensation than adults. In one 
series of 12 children with ileal resection, no child had diarrhea for more 
than one year and only one was below the third percentile for height and 
weight.® In middle-aged patients, the common etiologies are Crohn’s 
disease and irradiation enteritis, and the most common cause in elderly 
patients is mesenteric vascular disease. 


PATHOPHYSIOLOGY AND FUNCTIONAL ADAPTATION 


Length and Site of Resected Segment 


Systematic studies of patients with short bowel syndrome suggest 
that the estimated length of the resected segment does not correlate 
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especially well with the symptomatic,outcome.® There are at least two 
reasons for this discrepancy. First, it is difficult to estimate the extent of 
residual disease in the remaining small intestine, especially in patients 
with Crohn’s disease or irradiation enteritis. Second, there is consider- 
able error in the estimation of the length of the remaining intestine. 
When the gut is detached from its mesentery and measured in the 
anatomy or pathology laboratory, the length is close to 20 feet. However, 
estimates of length as measured in the operating room are closer to 10 
feet.° Thus, surgeons should be aware that the total length of the small 
bowel estimated in vivo in man is considerably less than the length that is 
often quoted. 

The minimum intestinal remnant compatible with eventual adapta- 
tion has long been a matter of interest. Even in the era preceding total 
parenteral nutrition, survivors were reported with shorter and shorter 
intestinal remnants, until long-term survival was reported in a few 
patients with total loss of the mid-gut from the ligament of Treitz to the 
mid-transverse colon.” Such cases are the exceptions proving the general 
rule that if more than 70 per cent of the intestine is lost, especially if the 
resection includes the ileum and ileocecal junction, serious nutritional 
consequences will ensue. 

The ileocecal valve also plays a role in determining the results of a 
resection. First, this valve serves as a sphincter of physiologic sig- 
nificance in man, and the transit time for intestinal contents is reduced if 
the valve is resected. Thus, the time for mixing, digestion, and absorption 
of intestinal contents in the small bowel is reduced. Second, the valve 
serves as a barrier to the overgrowth of colonic microorganisms in the 
small intestine. Under normal circumstances the ileal flora begins to 
resemble the colonic flora qualitatively, but the quantitative counts in the 
small bowel are lower by several logarithms. If colonic microorganisms 
are unrestrained from proliferation in the small intestine, the 
pathophysiologic features of “blind loop syndrome” may be superimposed 
on the derangements of short bowel syndrome. Species such as Bac- 
teroides have the enzymatic machinery to cleave the amide bond be- 
tween the bile salts and their conjugates. Once the bile salts are liberated 
from conjugation with glycine or taurine, their permeability charac- 
teristics change so that they are reabsorbed passively. This effect further 
reduces the availability of bile salts in the lumen to achieve the critical 
micellar concentration required for the effective solubilization of fat. 


Utility of the Remnant: Ileum versus Jejunum 


The ileum is a superior remnant to the jejunum for three reasons. 
First, transit time is slower in the ileum. Even after resection or transpo- 
sition of one or the other segment, ileum and jejunum both tend to retain 
their basic motility characteristics. Thus, after resection of the jejunum, 
the total transit time for intestinal contents through the remaining small 
bowel may not be greatly altered. 

Second, the specialization of the ileum in the active transport of 
vitamin B,, and bile salts is an especially important feature. The regional 
distribution of these active transport sites is more important in the case of 
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bile salts than of vitamin B,,, since supplementation with vitamin B,, by 
parenteral means is easily managed. However, substitution for the 
malabsorption of bile salts is not practical, since malabsorbed bile salts 
have a cathartic effect upon the colon and may aggravate the existing 
level of diarrhea. 

Third, in both man and experimental animals, the ileum has a 
significantly greater potential for adaptation. This matter will be dis- 
cussed in greater detail in the following section. 


Major versus Minor Loss of Ileum 


The distinction between a major and minor loss of ileum arises from 
the practical consideration that the resulting clinical syndromes may 
require different treatments. A minor loss of the ileum, defined as a 
resection of less than 100 cm, has been reported to result in watery 
diarrhea rather than steatorrhea as seen in most short bowel patients.”* 
Watery diarrhea results from the effect of bile salts escaping absorption in 
the distal ileum and spilling over into the colon. Colonic bacteria decon- 
jugate the bile salts as described above, and the resulting free bile acids 
are a Stimulus to the secretion of water and electrolytes from the colon. 
Thus, cholestyramine has been recommended in patients with minor 
losses of the ileum to bind bile salts and reduce this effect.** It is 
premature to draw conclusions about the safety of cholestyramine used 
for this purpose in man, but the author has reservations based upon 
animal studies and a recent case report. Bile salts stimulate proliferation 
in the crypts of the epithelium of the small bowel and probably in colonic 
crypts as well. Any stimulus that leads to increased proliferation may also 
promote the effects of carcinogenic influences.‘ An animal study 
has suggested that cholestyramine may promote carcinogenesis in the 
rat,!!' and a recent case report has documented the occurrence of a 
carcinoma in a young short bowel patient taking cholestyramine.”*! 
Clearly, this matter deserves close scientific scrutiny. 

Steatorrhea results from a major loss of the ileum and is the result of 
a depletion of the enterohepatic pool of bile salts. The functional ef- 
ficiency of the normal enterohepatic circulation approaches 98 per cent, 
so under normal circumstances a relatively low rate of synthesis of 
hepatic bile salt is required each day to maintain the pool. When bile salts 
are malabsorbed by the small intestine and lost in the stool, the liver can 
increase its rate of synthesis several-fold. However, with massive malab- 
sorption of bile salts, the liver cannot keep pace with the rate of loss and 
the pool shrinks. With decreased intraluminal bile salt concentrations, a 
critical micellar concentration is not reached and solubilization of dietary 
fat does not occur. With malabsorption of dietary fat, fecal fat losses are 
also accompanied by malabsorption of the fat soluble vitamins. Thus, 
night blindness, osteomalacia, and bleeding may result reflecting the 
malabsorption of vitamins A, D, and K respectively. 


Intestinal Absorption and Functional Adaptation 


The steatorrhea and diarrhea of short bowel syndrome gradually 
improve during the weeks and months following operation. The time 
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course for this pattern is discussed in greater detail in the section on 
clinical course and treatment, and objective documentation of the im- 
provement in the absorption of a wide variety of nutrients is established 
in man and experimental animals. Increases in absorption have been 
noted for sodium, water, sugars, proteins, calcium, magnesium, vita- 
mins, iron, and bile salts. Although it has been suggested that some of 
these changes may result from adaptive mechanisms at the level of the 
individual absorbing cell, most work suggests that functional adaptation 
parallels morphologic adaptation and is a result of an increased number of 
absorbing cells. 


Gastric Hypersecretion 


After small bowel resection, gastric output of acid increases in 
general proportion to the length removed.** Although the mechanisms of 
gastric hypersecretion and the increase in parietal cell mass” seen in 
experimental animals after massive small bowel resection are still unset- 
tled, there are several pathophysiologic consequences. First, hypersecre- 
tion of gastric acid may inactivate pancreatic lipase and contribute to the 
steatorrhea of short bowel syndrome. Second, gastric hypersecretion 
imposes an increased osmotic load on the shortened small bowel and 
accentuates the tendency for diarrhea. Thus, control of gastric hyperse- 
cretion with cimetidine appears to be a significant advance in the 
treatment. !°” 

Although gastric hypersecretion is not a typical finding in patients 
with jejunoileal bypass, it occurs with some regularity in patients with 
short bowel syndrome. This consideration suggests that the intact small 
bowel in the bypass patient may still serve as a site for gastrin 
catabolism.’ Since the patient with short bowel syndrome does not have 
this reserve for gastrin metabolism, an increase in postprandial serum 
levels of gastrin may be explained. Another possible explanation may be 
the observation that G-cell hyperplasia occurs after small bowel resec- 
tion, although it may not correlate well with gastrin levels or acid output. 
The small bowel is also the site of release for several humoral brakes on 
gastric secretion of acid. Cholecystokinin, vasoactive intestinal 
polypeptide (VIP), gastric inhibitory polypeptide (GIP), and serotonin 
have all been considered candidate enterogastrones. Since these hor- 
mones are for the most part distributed in the jejunum, it is not 
surprising that the clinica] literature has suggested that gastric hyperse- 
cretion is more likely to occur after a proximal than a distal small bowel 
resection. 


Intestinal Hyperoxaluria 


Renal oxalate stones are common problems in patients with short 
bowel syndrome. Hyperoxaluria appears to depend on the presence of an 
intact colon, since it is not seen in short bowel patients who have also had 
a colectomy.'! A plausible explanation for this problem is that colonic 
absorption of oxalate is prevented by intraluminal calcium. In the short 
bowel patient in whom fat malabsorption results in the formation of 
intraluminal soaps with the available calcium, dietary oxalate no longer 
is protected by chelation with calcium to prevent its absorption. 
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COMPENSATORY HYPERTROPHY AND ADAPTIVE GROWTH 


The relevant literature on this topic has grown within a 15 year 
period from about twenty references to over 1000, and there are several 
recent reviews of the subject." The clinician has an intuitive grasp of 
this process as he watches patients gradually tolerate increased oral 
intakes. Animal models have been studied in much greater detail than 
man, and the process of compensatory hypertrophy is extraordinarily 
rapid in some species. After resection of the jejunum in the rat, the ileal 
villi grow to their full adapted height within about two weeks. Since there 
is no evidence that the absolute number of villi increases ,”? the process is 
conceptually akin to compensatory hypertrophy of the kidney. The villous 
is the functional unit of the mucosa as the nephron is of the kidney.” 
These units hypertrophy in size at the level of functional organization 
through the process of hyperplasia at the cellular level, while the total 
number of units remains constant. 

The process in man is much slower, and it has been best studied in 
the adaptive response to jejunoileal bypass. In man, 90 per cent of the 
ultimate villous height is not reached until approximately one year.”? The 
increase in villous height makes a matching reciprocal relationship with 
the rate of weight loss, so there seems to be little doubt of the important 
link between the functional and morphologic changes. Over the same 
time improvement in intestinal absorption occurs after massive resection 
in man.” In animals the response is step-wise in relation to the amount of 
intestine resected,”* and the ultimate height achieved by the villi appears 
to be precisely regulated. In addition, small bowel resection has an effect 
on the proliferative kinetics of the stomach and the colon, *!7? while 
colectomy also stimulates adaptive responses in the ileum.****"* 

Much of the investigative literature has focused on the problem of the 
interrelationships of stimuli for the adaptive response. Intraluminal 
nutrition from exogenous food, endogenous secretions (particularly 
biliary factors), and systemic mechanisms all appear to be involved in the 
regulation of the adaptive phenomena. 

Nutrients in the lumen of the gut are important not only for normal 
adaptive responses but also for maintenance of normal intestinal mass. 
For example, atrophy of the gut occurs when oral intake is limited and 
nutrition is carried out by total parenteral means.'**' Indeed, formula 
diets may cause some atrophy by comparison to solid diets for reasons 
that are quite unclear. It is not presently known whether the trophic 
effect of food is due to direct utilization of the nutrients to meet the 
metabolic needs of the absorptive cells or to indirect effects related to the 
release of enteric hormones which have a trophic effect on the prolifera- 
tive cells. There is evidence that both mechanisms are important, and 
several hormones may actually be involved in the integrated response. 
For example, low doses of supplemental gastrin restore and maintain 
normal intestinal mass in animals receiving total parenteral nutrition.* 
However, compensatory hypertrophy cannot be explained by gastrin 
alone, since hypertrophy occurs normally in short gut preparations with 
simultaneous total gastrectomy and no measurable serum gastrin.‘**° 
Similarly, cholecystokinin and secretin restore the adaptive response in 
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parenterally nourished animals;”? which may be related to the stimulation 
of pancreatobiliary secretions as discussed below rather than to a direct 
trophic effect of these hormones on the crypt cells. Efforts have been 
made to identify specific nutrient molecules which reverse the atrophy of 
total parenteral nutrition (TPN) when given intraluminally, and inter- 
estingly it has also been found that contact of nutrients with the mucosa 
has indirect trophic effects on mucosa remote from the site of adminis- 
imaitionvaee: 

At one time it was believed that changes in the intraluminal nutrition 
of the mucosa after partial resection accounted for the process of com- 
pensatory hypertrophy more or less completely.'* In its simplest form the 
theory of intraluminal nutrition may be explicated as the “downstream” 
hypothesis. There is a linear gradient of villous length in the rat; 
duodenal villi are the longest, jejunal villi are intermediate, and ileal villi 
are the shortest. If the ileum is transposed to the jejunal position, its villi 
hypertrophy just as if the jejunum had been resected. The jejunal villi in 
the ileal position may shrink to the size of normal ileal villi. These 
fundamental observations suggest that whatever segment receives the 
maximum concentration of nutritional stimulation will grow. Thus, the 
model of jejunal resection with ileal growth was considered to be akin to 
the response after transposition. In brief, after a jejunectomy the ileum 
gets the food stimulus. However, this model falls short of explaining all of 
the observations at hand. First, the iieum has been found to hypertrophy 
after colectomy.’! Hypertrophy “upstream” from the site of resection 
cannot be satisfactorily explained by analogy to transposition. Similarly, 
the jejunum also hypertrophies upstream from the site of ileal resection.’ 
It is possible that an increased intake of food after a distal resection might 
initiate hypertrophy in a proximal remnant, but balance studies have not 
established increased nutrient intake after partial resections of the 
colon.’* Pair feeding may also prevent the full response after partial small 
bowel resection, but it does not eliminate the response after colectomy.** 
Similarly, TPN with no oral intake blunts the adaptive response, but, 
again, it does not appear to eliminate it.*° Finally, ileal hypertrophy has 
been documented in neonates with intestinal atresia when there is “no 
hole” through which intraluminal nutrients could reach the distal mu- 
cosa.”® 

A close cousin to the intraluminal theory is the view that pan- 
creatobiliary secretions play a pivotal role.' Wherever the ampulla of 
Vater is transplanted in the gastrointestinal tract, hypertrophy develops 
in its new environs. Recent studies have indicated that topical bile salts 
alone will elicit a response.” Also, bile salts are relatively more important 
than the pancreatic secretions, although both are required for the 
maximum and sustained adaptive response.*’ However, other studies 
have indicated that the proximity of the test segment to pancreatobiliary 
secretions is not an entirely sufficient explanation for growth, since 
limited hypertrophy will occur even when these secretions are diverted to 
the colon.** Furthermore, the response to small bowel resection is greater 
than the response to bypass* when the same test segment receives the 
pancreatobiliary effluent. 
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Another line of evidence relevant to both “downstream” theories 
derives from studies of bypassed intestinal segments. In general, when a 
segment is bypassed as a Thiry-Vella loop and exteriorized to the skin, it 
will atrophy. This phenomenon has been documented repeatedly in 
several species.*****" However, when a closed distal bypassed loop 
empties by peristalsis into the residual gastrointestinal tract, it either 
hypertrophies or remains relatively stable.'3*"%9-55.44 This difference in 
behavior of bypassed loops has led to different conclusions about possible 
humoral mechanisms in compensatory hypertrophy. For example, the 
author concluded that a humoral stimulus might be present, when 
modest hypertrophy was observed in an intra-abdominal segment of 
defunctionalized ileum (although the functioning remnant had greater 
hypertrophy, underscoring the importance of the lumen influences).*° 
Others have concluded that no humoral effects were evident on examin- 
ing Thiry-Vella fistulas exteriorized to skin.*?'**9 After reaching the later 
conclusion, Clarke carried out further experiments perfusing the loops 
with non-nutritive distilled water.’ On finding a restoration of the pro- 
liferative response, he concluded that there was evidence for both lumen 
and systemic factors. Others have also attempted ‘feeding the bypass” 
with nutrient solutions with varying results and conclusions. Finally, two 
separate groups have now suggested a possible humoral effect in an 
exteriorized loop with appropriate controls.'*?" 

A theory of humoral control for compensatory hypertrophy of the gut 
was first proposed by Loran and Carbone in 1968.*” Most evidence over 
the years suggesting a systemic stimulus has been largely circumstan- 
tial.°’ However, evidence for a circulating factor has recently been found 
in experiments with direct vascular parabiosis.**”° and with autografts of 
intestinal mucosa.** Many hormones will no doubt be investigated in the 
future for ‘‘enterotrophic”’ effects, and a comprehensive theory of com- 
pensatory hypertrophy will probably evolve as an integrated concept of 
interrelated lumen and systemic influences. In terms of the relative 
importance of lumen versus systemic influences, it presently appears 
that lumen stimuli have the predominant effect.*° 

For the practical purposes of the surgeon, the basic work reviewed 
here indicates the following general conclusions: first, the gut remnant is 
likely to adapt if a patient can be maintained in a relatively normal 
nutritional state; and second, provision of nutrients both to the gut lumen 
and to the patient by parenteral means appears to facilitate this process. 


Clinical Course and Treatment 


Because of gradual adaptation, the clinical course of a patient after 
massive resection goes through several stages.** 

Stage I is characterized by an initial period of massive diarrhea 
requiring careful replacement of major fluid and electrolyte losses. 
Diarrhea exceeds two to two and one half liters each day. Feeding is by 
total parenteral means. This stage usually lasts from one to three months. 
All electrolytes should be monitored closely during this phase, including 
calcium, phosphate, magnesium, and zinc. 
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Stage II is a period of adaptation during which oral intake is gradually 
initiated and increased. This stage may last for a few months to over a 
year, and it is usually a time of great frustration for the patient and his 
physician. The patient may gradually lose weight and have little appetite 
despite maximum efforts at nutritional support. Osteomalacia and 
anemia may appear during this time. 

In Stage III, maximum adaptation is achieved and a relatively 
normal home existence is regained. Some patients never reach this stage 
of oral nutrition, but excellent progress has been made in making the 
transition to life at home with continuing parenteral nutrition.” 

The emphasis of treatment depends on the clinical stage of recovery. 
During Stage I, when diarrhea exceeds seven to eight bowel movements 
per day or more than 21 liters of fluid per day, any attempt to begin oral 
feedings is unwise. Intravenous fluids only should be used during the 
early postoperative period. and total parenteral nutrition should be insti- 
tuted early. The most effective medication for diarrhea in the early phase 
is codeine. Antacids and cimetidine should be used to control gastric 
hypersecretion.'**” It is now rare for a surgical procedure to be required 
for the control of gastric hypersecretion. This progress in controlling 
gastric output of acid by medical means has been quite beneficial, since a 
surgical approach, especially involving pyloroplasty or gastroenteros- 
tomy, interferes with another important physiologic sphincter of the 
gastrointestinal tract. In addition, the reduction in fasting and stimulated 
secretion of gastric acid reduces the osmotic load on the intestinal 
remnant. 

When the patient enters Stage II, with diarrhea of less than 2 liters 
per day on a limited oral intake, intravenous hyperalimentation should be 
continued for a period of time. When the oral caloric intake begins to 
exceed 2000 calories per day without accentuating the diarrhea, intrave- 
nous support may be gradually reduced. Since appetite tends to improve 
slowly during this period, alimentation with an elemental diet through a 
soft, small-bore nasogastric tube may be helpful in the transition to full 
oral nutrition. Although evidence from animal studies suggests that 
elemental diets are not as effective as regular diets in stimulating 
compensatory hypertrophy, such diets may be helpful in maintaining 
nutritional status. Studies in a patient with short bowel syndrome and a 
high output jejunal fistula suggested that none of the fat-free elemental 
diets was superior to a blenderized regular diet in reducing output from 
the fistula.’ This state of affairs is predictable from the physiologic 
concept that absorption, not digestion, limits the assimilation of carbohy- 
drates and proteins. “Formulated” regular diets, which can be delivered 
through small bore nasogastric tubing, have not had similar tests, but the 
lower osmolality is not so great a stimulus for diarrhea. 

When oral nutrition is commenced, carbohydrates and proteins 
should be started first. Medium chain triglycerides may also be helpful, 
but ordinary dietary fat should be eschewed until the diarrhea is well 
controlled. 

When fats are started, supplementation with pancrealipase may 
facilitate the transition period. Small frequent meals are best, prepared to 
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be as appetizing as possible. Milk products should be initiated slowly, and 
withdrawn if evidence of lactose intolerance develops. A balance must be 
struck between the needs of nutrition and the frequency of bowel 
movements. Supplemental vitamins and minerals (especially calcium, 
magnesium, and iron) should be continued. A jejunal aspirate should be 
checked for bacterial overgrowth, since an oral antibiotic may be helpful 
if the small bowel is overgrown with bacteria. 

In patients who have had limited resection of the ileum (less than 100 
cm) cholestyramine may also be helpful. The paradoxical value of choles- 
tyramine, which binds bile salts, may be explained by prevention of the 
cathartic effect of bile salts on the colon. If the diarrhea is predominantly 
watery, binding the bile salts with cholestyramine may have an overall 
benefit, especially when the dietary content of the fat is restricted. 
However, long-term management with cholestyramine cannot be rec- 
ommended by the author, considering the potential risk of cancer dis- 
cussed in a previous section. 

Various surgical procedures such as short-segment, reversed inter- 
positions to delay transit or recirculating loops to afford the utilization of 
intestinal surface area have been recommended in the past for difficult 
Stage II patients. Such procedures cannot be advised presently for two 
reasons. First, now that the time course of adaptation in man is under- 
stood to be on the order of a year, there is room for greater patience in 
management. Second, operations are not uniformly successful and may 
even result in the further resection of bowel surface area which the 
patient can ill-afford to lose. 

At Stage III, the patient is stable with respect to diarrhea on a low fat 
diet. During this stage fat may be added judiciously. Dietary supplements 
of minerals and fat-soluble vitamins should be continued for life. Sup- 
plementation with parenteral vitamin B,, must be continued long-term or 
pernicious anemia will develop when body stores of the vitamin are 
exhausted after two to five years. In addition, the patient should be 
instructed on a low oxalate diet for life, and urinary oxalate levels should 
be checked at intervals. Viral and other intercurrent illnesses should 
receive prompt medical attention, since these patients have limited 
reserves and episodes of dehydration are common. 

An occasional patient never achieves sufficient adaptation to be 
unencumbered with intravenous supplementation. Happily, the devel- 
opment of successful programs for home-TPN have brightened the 
prospects of such patients,*® and, at the same time, resolved the ethical 
dilemma facing physicians in previous years when managing patients for 
whom the chance for life outside the hospital was exceedingly remote. 
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History and Clinical Features 


Hyperparathyroidism was initially described in the mid-1920s as a 
rare, severe disease of bone.'’ During the following decade the careful 
metabolic studies of Albright and his colleagues documented the occur- 
rence of this disease in patients with nephrolithiasis who lacked overt 
bone disease.' Albright advanced the theory that stones developed in 
hyperparathyroidism when calcium intake was sufficient, whereas bone 
disease supervened in patients with a negative calcium balance due to 
inadequate intake.” Dent’s dietary survey proved that the variability in 
clinical presentation could not be explained by dietary factors and sug- 
gested that an additional hormonal abnormality was present in patients 
with bone disease.”° 

Over the ensuing years, several large series have corroborated the 
early impression that bone disease and nephrolithiasis are distinct clini- 
cal expressions of hyperparathyroidism. In general, patients with bone 
disease are typified by a subacute clinical history, more severe hypercal- 
cemia, and a greater mass of abnormal parathyroid tissue. Although 
nephrocalcinosis may be present in this group, renal stones are uncom- 


history (often many years), mild hypercalcemia, and a smaller amount of 
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Table 1. Spectrum of Primary Hyperparathyroidism* 


STONES GROANS BONES 
History Chronic Indeterminate Subacute 
Serum calcium Mild 11-12 mg/dl Severe 
iPTH, NcAMPt 1+ 1-2+ 3-4+ 
Parathyroid mass 1 gram Indeterminate 5 grams 
Differential diagnosis Idiopathic Multiple Cancer 
hypercalciuria 


*From Broadus, A.E.: Nephrolithiasis in primary hyperparathyroidism. In Coe, F.L., 
Brenner, B.M., and Stein, J.H. (eds.): Contemporary Issues in Nephrology, Vol. 5. New York, 
Churchill Livingstone, 1980, in press, with permission. 

tiPTH signifies immunoreactive PTH and NcAMP nephrogenous cyclic AMP, and the 
plus scale indicates increasing quantitative degrees of abnormality. 


parathyroid tissue found at surgery.’°?**’? A third clinical category of 
patients with primary hyperparathyroidism includes those individuals 
with gastrointestinal complications of hypercalcemia such as peptic ulcer 
disease and pancreatitis,'* and those with symptoms of neuromuscular 
and/or psychiatric origin.'**? For purposes of discussion it is useful to 
think of the clinical and biochemical features of primary hyper- 
parathyroidism as lying along a continuum (Table 1). Although the 
categories are admittedly artificial, they serve to emphasize the observed 
features of clinical presentation and to focus attention on problems of 
diagnosis and differences of pathophysiology. 

Recent issues of this publication, as well as other reviews, have 
outlined in detail the diagnostic approach to the patient with suspected 
primary hyperparathyroidism.**°** Briefly, in the hypercalcemic patient 
initial evaluation must exclude other causes of hypercalcemia such as a 
malignant process, sarcoidosis, medications such as thiazide diuretics, 
lithium, vitamins A and D, milk alkali syndrome, and other endocrine 
abnormalities such as thyrotoxicosis, adrenal insufficiency, and pheo- 
chromocytoma.'! Presence of hypophosphatemia and an inappropriately 
ele vated serum immunoreactive parathyroid hormone (iPTH) level estab- 
lish the diagnosis in the straightforward situation. The accuracy of the 
serum iPTH level is limited by the immunochemical heterogeneity of the 
circulating forms of PTH.’* Where results of radioimmunoassay are 
equivocal, measurement of nephrogenous cyclic AMP (NcAMP) activity 
has been shown to be a sensitive indicator of the minute to minute 
activity of the parathyroid gland.* For most patients the diagnosis of 
primary hyperparathyroidism can be made with confidence based on the 
results of the above studies. 


Indications for Surgery 


There is general agreement that surgical intervention be recom- 
mended for patients with serum calcium of 11.5 mg per dl or greater, 
metabolically active nephrolithiasis, symptomatic bone disease, gastroin- 
testinal complications such as peptic ulcer disease and pancreatitis, and 
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impaired renal function.** Less clear is the appropriate course of action 
for asymptomatic patients with mild hypercalcemia, and for those with 
nonspecific or neuromuscular complaints. Recent studies of the latter 
group have suggested that parathyroidectomy is associated with objec- 
tive and subjective improvement.'*” A prospective evaluation of patients 
with asymptomatic hyperparathyroidism with calcium levels of less than 
11.0 mg per dl was begun at the Mayo Clinic in 1968. At the end of five 
years 20 per cent of the original group had developed one of the previ- 
ously mentioned indications for surgery and had undergone neck explora- 
tion. Eighteen per cent had been dropped from the study because they 
were unable to continue the rigorous follow-up protocol.***? Because of 
the expense and inconvenience of prolonged observation of patients with 
asymptomatic hyperparathyroidism, it is important to determine whether 
early surgery indeed offers benefits that outweigh the risks of the 
operation and to decide which individuals would be most likely to develop 
complications should surgery be deferred. 

Kaplan et al. evaluated the metabolic effects of parathyroidectomy in 
patients with symptomatic and asymptomatic disease. Postoperatively 
they found normalization of serum calcium, phosphate, and iPTH as well 
as urinary calcium and NcAMP in both groups. Bone density increased in 
both groups and creatinine clearance improved in five patients.”° Others? 
have emphasized the potential importance of early surgery in reducing 
the morbidity of hyperparathyroidism compared with the low risks of 
neck exploration in experienced hands. 


Contribution of Metabolic Studies to the Diagnosis and 
Treatment of Primary Hyperparathyroidism 


In view of the often confusing clinical spectrum of primary hyper- 
parathyroidism as seen in Table 1, careful metabolic evaluation of 
patients preoperatively and postoperatively should yield more definite 
guidelines for surgical intervention. In fact, this approach has identified a 
group of hypercalcemic patients in whom surgery is contraindicated. 
Individuals with familial hypocalciuric hypercalcemia present with ele- 
vated serum calcium, usually normal PTH levels, and low urinary 
calcium levels. Those patients who have undergone surgery have been 
found to have normal or hyperplastic parathyroids but have not been 
cured of their hypercalcemia by parathyroidectomy.* The defect in this 
disorder appears to involve decreased excretion of calcium and mag- 
nesium by the renal tubule.”” The next sections describe the utility 
of specific metabolic studies in discriminating among mild primary 
hyperparathyroidism and nonparathyroid disorders affecting calcium 
metabolism and in explaining the pathophysiology of nephrolithiasis in 
primary hyperparathyroidism. For purposes of the following discussion a 
brief summary of our current understanding of calcium and phosphate 
metabolism is in order. 


The human body contains about 1000 gm of elemental calcium of which 99 per 
cent is bound in the skeleton. Calcium salts are required by the organism for 
structural integrity and calcium ion for normal neuromuscular and membrane 
function and for maintenance of proper blood coagulation mechanisms and 
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general enzymatic and secretory activity.'!' Serum calcium is maintained within a 
very narrow range by the interrelated effects of PTH and vitamin D. 

PTH is synthesized and released in response to minute changes in the serum 
calcium concentration. This process has an absolute requirement for magnesium 
and is modulated by beta-adrenergic agents and perhaps by vitamin D metabolites. 
PTH raises serum calcium in several ways.'! In bone, PTH stimulates resorption of 
mineral and matrix with liberation of calcium and phosphate. In the kidney PTH 
secretion resets the tubular maximum for phosphate reabsorption at a lower level 
with resultant phosphaturia. PTH-mediated calcium reabsorption from the 
glomerular filtrate takes place in the distal tubule. Increased calcium absorption 
from the gastrointestinal tract is mediated indirectly by the stimulation of vitamin 
D activation by PTH. 

Vitamin D'® is formed from 7-dehydrocholesterol in the skin under the 
influence of ultraviolet light. It is 25-hydroxylated in liver and then 
1-alphahydroxylated in the kidney. Synthesis of the enzyme that catalyzes this 
step, the renal 1-alphahydroxylase, is stimulated by hypocalcemia in the presence 
of PTH and by hypophosphatemia. In man the kidney is the only source of the 
enzyme. The final form of vitamin D, 1,25 (OH).D;, promotes active calcium 
absorption from the gastrointestinal tract. In anephric or aparathyroid patients, 
active transport of calcium does not occur. In normal individuals, once hypocal- 
cemia has been corrected through the integrated effects of PTH and vitamin D, 
classical negative feedback mechanisms inhibit further synthesis and release of 
the hormones. Patients with hyperparathyroidism, however, exhibit continued 
release of PTH at a rate inappropriate for the ambient calcium level. 


Interaction of PTH and 1,25 (OH).D;: A Calcium Tolerance Test 


We have studied the pathophysiologic role of 1,25 (OH),D, in patients 
with primary hyperparathyroidism.* Because we have an active kidney 
stone clinic and because the incidence of nephrolithiasis in primary 
hyperparathyroidism is about 55 per cent, the pathophysiology of renal 
stone disease in these patients has been of particular interest.'° 

The renal tubular action of PTH should act to minimize the amount 
of calcium excreted in the urine, and, indeed, data obtained from 
hyperparathyroid patients on low calcium diets failed to show a correla- 
tion between nephrolithiasis and hypercalciuria.'° More recent studies of 
different types of hypercalciuria, including that seen in primary hyper- 
parathyroidism, have shown that use of a high-normal calcium diet is 
essential to allow expression of all the components of the disordered 
mineral metabolism in affected patients.’*'! In addition, the rate of 
intestinal calcium absorption has been reported to correlate with the 
presence or absence of stone disease in patients with primary hyper- 
parathyroidism.* These data, taken together with the known effects of 
1,25 (OH),D, on intestinal calcium absorption, suggested that the cir- 
culating titer of this vitamin-steroid hormone might have an important 
influence on the clinical expression of hyperparathyroidism. 

We employed an oral calcium tolerance test as diagrammed in Figure 
1.x As shown, the test consists of three consecutive two-hour urine 
collections with mid-point blood specimens drawn during the first and 
third collection periods (B, and B,). An oral dose of 1000 mg of elemental 
calcium is administered at the end of the first collection. The first 
collection period serves as a fasting control period, the second period as a 
lag time for peak calcium absorption, and the third as the experimental 
period demonstrating maximal systemic and physiologic effects of the 
absorbed calcium. 
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® CIRCULATING 
|, 25 (OH), Ds 


* INTESTINAL 


Figure 1. Oral calcium toler- 
ance test. (From Broadus, A.E.: CALCIUM ABSORPTION 


Nephrolithiasis in primary hyper- 
parathyroidism. In Coe, F.L., 


Brenner, B.M., and Stein, J.H. 
(eds.): Contemporary Issues in PARATHYROID t FILTERED 
Nephrology, Vol. 5. New York, SUPPRESSION LOAD OF CALCIUM 


Churchill Livingstone, 1980, in 
press, with permission.) 


| <— ? CONTROL 


HYPERCALCIURIA 


Static measurements shown include fasting tubular maximum reab- 
sorption of phosphate expressed most accurately as a function of 
glomerular filtration rate (TmP/GFR), basal parathyroid function as 
determined by iPTH and NcAMP, and circulating active vitamin D 
metabolites. The dynamic measurements comparing control and experi- 
mental periods include the calciuric response as a measure of intestinal 
calcium absorption and the calcemic response as an index of calcium 
intolerance. 

Response of parathyroid tissue to a calcium load is reflected in the 
degree of suppression of NcAMP excretion by the kidney.° In vitro and in 
vivo studies have shown that activity of abnormal parathyroid tissue as 
measured by NcAMP excretion is suppressed in response to a calcium 
load.'? In this sense, hyperplastic and adenomatous glands are not 
autonomous. Abnormal glands do not suppress entirely normally, how- 
ever,'? and this fact accounts for the continued disorder of calcium 
metabolism in hyperparathyroidism. 


Metabolic Studies in 50 Patients with Primary Hyperparathyroidism 


Fifty unselected patients with primary hyperparathyroidism were 
studied using the calcium tolerance test* and 24-hour urine collections 
(Table 2). Patients were divided into two groups based on the demonstra- 
tion of intestinal calcium hyperabsorption and subsequent hypercal- 
ciuria. In the absorptive group, 19 of 30 patients had a history of kidney 
stones compared with only 3 of 20 in the nonabsorptive group. The 
absorptive group had markedly elevated levels of serum 1,25 (OH),D, 
consistent with their intestinal hyperabsorption of calcium and striking 
hypercalciuria. 

The two patient groups were biochemically indistinguishable in 
terms of serum calcium and phosphate, TmP/GFR, serum iPTH, and 
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fasting NcAMP. This is consistent with previous studies which could not 
demonstrate differences in these parameters between patients with 
nephrolithiasis and those with bone disease. 

Although baseline NcAMP values were not significantly different 
between the two groups, the response of NcAMP to calcium, that is, the 
degree of parathyroid suppressibility, was greater in the absorptive 
group, reflecting the greater calcemic response in these patients. In the 
aggregate, the data indicate that the patients with primary hyper- 
parathyroidism who are at risk for stone formation have a bihormonal 
disease process with elevation of serum 1,25 (OH),D, levels as well as 
increased PTH secretion. 

Figure 2 shows the proposed pathophysiologic sequence of events in 
patients at risk for development of nephrolithiasis. These individuals, by 
virtue of high 1,25 (OH),D, levels, exhibit hyperabsorption of calcium 
from the intestinal tract with subsequent hypercalcemia and an in- 
creased filtered load of calcium in the glomerular filtrate. The postpran- 
dial hypercalcemia, however, leads to marked parathyroid suppression 
with loss of PTH-mediated distal tubular calcium reabsorption and 
subsequent hypercalciuria. The proof of an increased dietary component 
of calcium in patients predisposed to kidney disease is reminiscent of 
Albright’s original thesis that nephrolithiasis occurs in hyperparathyroid 


I's Flow Diagram 


Bl PaOe B2 
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Hil Data Base 
A. Static Measurements (Control Period) 
1. Basal Serum Calcium & Phosphorus 
2. Fasting Calcium Excretion 
3. Fasting TmP/GFR 
4. Basal Parathyroid Function (iPTH, NcAMP) 
5. Basal Vitamin D Metabolites 
B. Dynamic Measurements (Experimental vs Control Period) 
1. Calcemic Response as Index of "Calcium Tolerance" 
2. Calciuric Response (A mg Ca/100 ml GF) as Index of GI Absorption 
3. Parathyroid Suppressibility (NcAMP) 
Figure 2. Schema of the pathogenesis of hypercalciuria in hyperabsorptive patients. 
(From Broadus, A.E.: Nephrolithiasis in primary hyperparathyroidism. In Coe, F.L., Brenner, 


B.M., and Stein, J.H. (eds.): Contemporary Issues in Nephrology, Vol. 5. New York, Churchill 
Livingstone, 1980, in press, with permission.) 
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patients exhibiting a positive calcium balance. The cause of elevated 1,25 
(OH),D, levels in the absorptive group is not known, but presumably 
involves as yet poorly understood .mechanisms of regulation of renal 
1-alphahydroxylase activity.*’ 

In summary, our studies provide a partial explanation for the clinical 
spectrum of primary hyperparathyroidism and emphasize the role of the 
recently described steroid hormone 1,25 (OH),D, in the pathophysiology 
of nephrolithiasis in this disease. Although treatment with phosphate can 
reverse many of these abnormalities, asymptomatic patients with sig- 
nificant hypercalciuria who are unable or unwilling to proceed with 
prolonged medical follow-up may indeed be ideal candidates for early 
surgery. The oral calcium tolerance test has also been effective in 
differentiating patients with primary hyperparathyroidism from those 
with hypercalciuria due to intestinal hyperabsorption of calcium alone 
and from those with a renal calcium leak.®?! The diagnostic precision 
afforded by metabolic data can thus prevent negative neck explorations 
in patients presenting with nephrolithiasis due to nonparathyroid causes 
of hypercalciuria.*® 


Surgical Approach to Primary Hyperparathyroidism 


Thirty-three patients in this series underwent neck exploration with 
confirmation of parathyroid disease. There was no difference between the 
occurrence of adenoma and hyperplasia in the two groups and the 20 per 
cent incidence of the latter is consistent with the majority of previous 
reports.'> Like others, we have not found preoperative localization studies 
such as esophagography, CT scanning, and neck vein catheterization to 
be particularly useful in patients undergoing primary neck exploration. ?? 

The intraoperative procedure is similar to that outlined by 
others.'*?'"> Both sides of the neck are explored and a reasonable attempt 
is made to identify all four glands grossly. Both recurrent laryngeal 
nerves are visualized and there have been no nerve injuries in the 
authors’ series of 33 patients explored for hyperparathyroidism. Glands 
that appear to be abnormal are biopsied, and, in the case of apparent 
single gland disease, every effort is made to document the presence of a 
normal gland by biopsy. Given*the problems of histologic diagnosis in this 
disease, it appears that removal of a single enlarged “hyperplastic” gland 
and biopsy of a normal gland is the best assurance that one is dealing with 
an adenoma rather than primary hyperplasia. Recurrent hypercalcemia 
in such circumstances is estimated to be about 1 per cent.** In the 
authors’ series, one patient in whom a hyperplastic gland was removed 
and a normal gland biopsied has evidence of continued mild hyper- 
parathyroidism on calcium tolerance testing. Of course, more accurate 
assessment of overall recurrence rate requires longer follow-up of this 
young series. 

Total parathyroidectomy and autotransplantation is our treatment of 
choice for patients with secondary hyperparathyroidism caused by renal 
failure because of the high recurrence rate of hyperparathyroidism in that 
setting. In these patients, glands often show evidence of hemorrhage and 
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fibrosis. The transplantation technique described by Wells et al.*° and the 
opportunity to select healthy-looking endocrine tissue for transplant 
make this procedure extremely effective. Following the pioneering work 
of Wells et al.,*° we cryopreserve samples of parathyroid tissue from each 
patient should additional autologous tissue be needed. We continue to 
perform subtotal parathyroidectomy in patients with primary 
hyperplasia. We remove three and one half glands, attempting to leave a 
well vascularized segment of at least 50 mg of parathyroid tissue, marked 
by a metal clip. 

The incidence of permanent hypoparathyroidism in patients with 
primary disease following a conservative surgical approach as outlined 
above has been reported to be less than 1 per cent.?! We have had two 
cases of temporary hypoparathyroidism requiring calcium and vitamin D, 
both in patients with primary hyperplasia. Both appear to have attained 
normal parathyroid function at this time. There have been no cases of 
permanent hypoparathyroidism. All patients with renal disease who have 
had total parathyroidectomy and autotransplantation (five in number at 
this time) have adequate function of the implanted tissue. It has not yet 
been necessary to remove additional tissue in these patients. 


Postoperative Follow-up 


Postoperatively, serum calcium and phosphate values are obtained 
twice a day, and baseline values for NcAMP and alkaline phosphatase are 
also recorded. The TmP/GFR is calculated as a sensitive indicator of PTH 
activity. Oral calcium supplementation is given for symptomatic 
hypocalcemia only. In the absence of severe bone disease, such as renal 
osteodystrophy, intravenous calcium is rarely necessary. Once the serum 
calcium has stabilized, usually in two to three days, patients are dis- 
charged and return for follow-up in two to three weeks for fasting calcium 
and phosphate determination. Calcium and phosphate metabolism con- 
tinue to be monitored periodically on an outpatient basis and at a year the 
patients undergo a repeat calcium tolerance test. The importance of 
careful follow-up study in such patients is illustrated by a recent study of 
Bone et al.,® who reported that elevated 1,25 (OH).D, levels and intestinal 
calcium absorption did not return to normal values following 
parathyroidectomy in a small group of their patients. We are presently 
investigating the implications of these findings in our patient population 
by prospective study. 


Summary 


Careful metabolic evaluation of patients with primary hyper- 
parathyroidism has provided a partial explanation for the differences in 
clinical presentation of patients with this disease. These methods also 
allow discrimination among various types of hypercalciuria and increase 
the accuracy of diagnostic and therapeutic efforts. Continued refinement 
of our understanding of the parathyroid-vitamin D homeostatic system 
will greatly facilitate both medical and surgical treatment of patients 
with disorders of calcium metabolism. 
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Until recently, massive hemorrhage from the colon was one of the 
most difficult diagnostic and therapeutic challenges faced by intestinal 
surgeons. Such bleeding is often life-threatening and usually occurs in 
patients in the seventh or eighth decade of life who often have severe 
coexisting cardiopulmonary disease. Until this last decade, locating a 
specific bleeding site either before or during surgery was usually impos- 
sible. Accordingly, surgeons tended to delay surgery far longer than 
would have been tolerated for patients with upper gastrointestinal 
hemorrhage, and then to perform emergency, blind partial colectomies in 
a last effort to save these desperately ill, elderly patients. Such proce- 
dures were followed by rates of recurrent bleeding of 33 per cent and 
mortality rates of over 30 per cent.*® 

Fortunately, major advances in both diagnostic and surgical man- 
agement of these patients have been made in the last 25 years. Noer 
recognized that colon diverticula were a major site of massive colonic 
hemorrhage, and showed that the complication usually starts in an 
uninflamed diverticulum.’ However, it was assumed that all diverticula 
had an equal chance of bleeding, and that therefore bleeding would 
occur more often from the left colon with its higher frequency of 
diverticulosis than from the right colon. This led to the frequent perfor- 
mance of blind left colectomies for massive colonic hemorrhage with a 
high rate of recurrent bleeding mentioned previously. The reason for this 
high failure rate became apparent only after the advent of selective 
visceral angiography in 1963'° and the eventual demonstration by 1972 
that most bleeding diverticula are in the right colon. 

The use of selective visceral angiography to localize the site of 
massive colonic hemorrhage also led to the realization that bleeding from 
angiodysplasia of the right colon is as common as bleeding from diver- 
ticulosis.'® Half the time it occurs in patients with coexisting diver- 
ticulosis, confusing the picture.* Therefore, it is no longer possible to 
attribute massive colonic hemorrhage to diverticula until angiodysplasia 
and other rarer causes have been excluded. 


* Professor of Surgery and Vice Chairman of the Department of Surgery, Yale University 
School of Medicine, New Haven, Connecticut 


Surgical Clinics of North America—Vol. 60, No. 5, October 1980 1297 


1298 HastTINcs K. WRIGHT 


The rate of recurrent bleeding and mortality associated with blind 
segmental colectomy for colonic hemorrhage was so high that subtotal 
blind colectomy with ileorectostomy became the procedure of choice by 
the early 1970s.° However, this major procedure still carried a mortality 
rate above 10 per cent despite its virtual elimination of further massive 
bleeding. Fortunately, the routine use of angiography soon permitted 
accurate localization of the site of bleeding in most patients with major 
continuing hemorrhage,” and by the mid-1970s surgeons for the first time 
were able to perform segmental colon resections to remove only the 
actual bleeding site. By the late 1970s both Casarellat and Welch” 
reported surgical mortality rates of less than 6 per cent for emergency 
segmental resections. 

Using an aggressive diagnostic approach, including emergency 
selective angiography, colonoscopy in selected patients, and emergency 
barium enema examinations where indicated, we have recently been able 
to localize the site of massive colonic hemorrhage in over 90 per cent of 
patients. In addition, when emergency surgery has been necessary, we 
have been able to limit it to a sleeve resection of the bleeding site alone in 
20 of 22 patients. Temporary control of hemorrhage with infusions of 
vasopressin, electrocoagulation of the bleeding lesion, or therapeutic 
barium enemas has also allowed us to better prepare these elderly 
patients for surgery when necessary and to achieve a zero per cent 
mortality rate for treatment of massive colonic hemorrhage in the last 
two years. The technique that we have followed, based in part on 
recommendations formulated by Veidenheimer,'’ is described in the 
remainder of this paper. 


Initial Management 


The patient is usually admitted as an emergency after having sud- 
denly evacuated a huge quantity of blood. The suddenness of the event is 
surprising, as the patient is usually asymptomatic and has no abdominal 
findings. Symptoms and signs of hypovolemia may also be minimal, since 
the blood loss often occurs slowly over many hours or days into a colon 
that can accommodate a liter.or more of blood while plasma volume is 
partially replenished from the extracellular fluid. Then, the colon sud- 
denly empties. However, despite the absence of associated signs and 
symptoms, the potential danger is great, as attested to by the high 
mortality rates associated with colonic hemorrhage in previous decades. 

Conservative management is indicated at first in all patients. After 
ruling out massive upper gastrointestinal bleeding that presents as 
colonic hemorrhage by the temporary insertion of a nasogastric tube, and 
after ruling out an anal or rectal bleeding site by sigmoidoscopy, the 
patient should be treated in an intensive care unit with bed rest, sedation, 
and sufficient transfusion of blood to maintain vital signs and urinary 
Output at satisfactory levels. In our experience, bleeding will perma- 
nently stop in approximately 75 per cent of patients on this regimen alone 
before transfusion requirements exceed 1 liter. 
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Management of the Patient Who Stops Bleeding 


Some controversy remains about how much further diagnostic 
work-up is indicated in patients who stop bleeding spontaneously on 
conservative management. Certainly nothing should be done for several 
days, as the bleeding may be started again by a barium enema or 
colonoscopy while a clot is still attached to the bleeding site. 

Our current practice is to perform a barium enema approximately 10 
days after the bleeding episode to rule out a mass lesion. While some 
groups advocate this procedure with colonoscopy and angiography if no 
mass lesion is demonstrated, we have not found either to be productive 
except in patients who continue to have episodic occult blood in the stool. 
Lesions missed by the barium enema or angiogram were present in half 
these patients. None of 67 other patients who stopped bleeding spontane- 
ously and had negative barium enemas bled in the next two years, a 
finding that has led us to consider elective colonoscopy or angiography 
not to be necessary further diagnostic steps. Until the natural history of 
angiodysplasia is well defined by continued observation by such inter- 
ested investigators as Boley,’ we prefer to investigate only asymptomatic 
patients with occult bleeding. 


The 1500 Milliliter Dividing Line 


While spontaneous cessation of colonic bleeding is the rule, a small 
percentage of patients—10 to 25 per cent, depending on the series—will 
require surgery. In our experience, this high risk group can be identified 
by a transfusion requirement of 1500 ml or more in the first 24 hours. In 
our institution, over 85 per cent of these patients have gone on to require 
surgery to stop continued life-threatening hemorrhage. 

Once the 1500 ml transfusion requirement mark is reached, an 
aggressive search for the cause of bleeding should be instituted, no 
matter what time of day or night. It is highly likely that surgery will be 
necessary, and highly desirable that such surgery not be done blindly 
without knowledge of the cause of bleeding. 


Colonoscopy 


If the bleeding rate is less than 0.5 ml per minute, as in patients who 
have required 3 units of blood in 48 hours or more and who continue to 
bleed, colonoscopy has been our first diagnostic step. Such patients often 
bleed in spurts, with quiescent periods between hemorrhages during 
which colonoscopy can be safely performed. No preparation is necessary, 
as blood in the colon acts as a cathartic. 

In patients with highly suggestive clinical findings such as an 
abdominal mass consistent with carcinoma of the colon, or a history of 
previous lesions of the colon such as polyps or previous hemorrhage from 
a colon containing only left-sided diverticula on barium enema examina- 
tion, we have found colonoscopy to be very effective. It was diagnostic as 
the first step in nine (82 per cent) of 11 patients examined in the last two 
years. Todd and Forde found colonoscopy to be of value in 43 per cent of 
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21 studies performed for acute bleeding after barium enema or mesen- 
teric angiographic examinations were inconclusive.'! Hagihara has had 
similar results in selected cases.and has been able to demonstrate 
arteriovenous malformations by colonoscopy between massive bleeding 
episodes.’ 

We believe that colonoscopy is an effective diagnostic tool in selected 
patients who are bleeding slowly and who are likely to have lesions of the 
left colon. The procedure has been safe in experienced hands and has 
permitted a rapid diagnosis without the need to remove the patient from a 
well-monitored intensive care unit to an angiography suite. Angiography 
is also unlikely to demonstrate the bleeding site when hemorrhage is less 
than 0.5 ml per minute or is intermittent. In addition, in several cases of 
bleeding from mass lesions such as large broad-based polyps, careful 
electrocoagulation through the colonoscope permitted temporary control 
of the bleeding while the patient was prepared for elective surgery. 


be 


Figure 1. Superior mesenteric angiogram shows bleeding into the lumen of the ascend- 
ing colon from a diverticulum. 


MASSIVE COLONIC HEMORRHAGE 1301 


Angiography 

If transfusion requirements exceed 1500 ml in the first 24 hours, 
selective mesenteric angiography is the procedure of choice. When 
employed during brisk bleeding at our institution, this technique has 
been successful 85 per cent of the time in demonstrating a probable cause 
of bleeding. Two-thirds of the patients with a site demonstrated by 
angiography had bleeding diverticula, with contrast material demon- 
strated in the lumen of the bowel (Fig. 1). The remainder had an- 
giodysplasia with arteriovenous malformations demonstrated in the 
lumen of the bowel. 

Once an actual bleeding site has been demonstrated, selective intra- 
arterial infusions of vasopressin have been successful in temporarily 
controlling the hemorrhage in 90 per cent of our patients (Fig. 2), an 


Figure 2. Bleeding from the diverticulum ceased temporarily upon infusion of vasopres- 
sin. A right colectomy was performed. 
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experience similar to that of Welch’s group in Boston.'* However, at Yale 
85 per cent of the patients who have been controlled initially with 
vasopressin eventually require surgery to control continued bleeding, 
even though it is often at a very slow rate. We have used embolization of 
Gelfoam only once in an 80 year old patient who was not suitable for 
surgery because of a major myocardial infarction and who was bleeding 
from a specific sigmoid neoplastic lesion. The procedure was successful 
in stopping the hemorrhage, but early sigmoid necrosis was demon- 
strated at autopsy after a cardiovascular death 24 hours later. In view of 
the known hazards of transcatheter embolization in the upper gastroin- 
testinal tract, the role of this procedure is elderly patients with poor 
collateral circulation in the colon and unstable cardiovascular dynamics 
requires further study. 


The Barium Enema as a Therapeutic Step 


When angiography has not demonstrated a bleeding site in patients 
known to have diverticulosis, occasionally we have performed a diagnos- 
tic barium enema in the hope that it might also be therapeutic. While our 
own results are only anecdotal, Adams has studied its usefulness thor- 
oughly.! In 49 episodes of massive colonic bleeding (1500 ml blood 
transfusion requirement or more) in 38 patients with known diver- 
ticulosis and no other demonstrable cause of bleeding, bleeding stopped 
at least temporarily after the barium enema 47 times. We have had the 
similar impression that temporary control is possible in at least 75 per 
cent of such patients. If bleeding recurs, the barium is rapidly excreted 
and no technical problem is created at surgery by a colon full of barium. 


Emergency Surgery 


In the last three years, we have taken all patients with massive 
colonic hemorrhage to surgery when transfusion requirements have 
exceeded 3000 ml. In contrast, in the era prior to successful demonstra- 
tion of actual bleeding sites in the colon, we usually waited until 
transfusion requirements exceeded one blood volume replacement before 
reluctantly considering a blind partial colectomy or subtotal colectomy. 

Only 9 per cent of our patients who have had acute bleeding of more 
than 3000 ml have not had a specific preoperative diagnosis made in the 
last three years. One patient had universal diverticulosis without a 
demonstrable bleeding site on angiography, failed to respond to a barium 
enema, and underwent blind subtotal colectomy. No bleeding site was 
found in the specimen, although the bleeding stopped. Another patient 
with universal diverticulosis underwent a blind right hemicolectomy 
after unsuccessful angiography. Bleeding recurred a day later, requiring 
another 1500 ml blood transfusion, but stopped spontaneously. A blind 
subtotal colectomy probably would have been a better choice for this 
patient. A third patient with angiodysplasia and universal diverticulosis 
but no obvious bleeding site on angiography underwent right colectomy 
without further hemorrhage. Again, subtotal colectomy might have been 
a better choice, as attested to by Welch’s experience with recurrent 
bleeding after limited right colectomies for these findings.'® 
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Emergency Surgery for Angiodysplasia 

When the only demonstrable lesion on angiography has been right 
colon angiodysplasia, we have limited resection to the right hemicolon. 
Although there is increasing evidence that angiodysplastic lesions are 
often multiple, almost all of them are proximal to the splenic flexure and 
would be included in a right hemicolectomy. We have not noted recurrent 
bleeding in any patient undergoing such a procedure for angiodysplasia of 
the cecal or ascending colon. 

As noted, when right-sided angiodysplasia and left-sided diver- 
ticulosis occur together without a demonstrable bleeding site, we rec- 
ommend subtotal colectomy even under emergency conditions. 


Emergency Surgery for Diverticulosis 


Although theoretically ligation of the offending vessel in the wall ofa 
bleeding diverticulum should be curative, in practice this procedure has 
not been practical in our hands. In several cases the colon was opened in 
the area in which the bleeding site had been demonstrated unequivocally 
on angiography only two or three hours previously, but nothing specific 
was found to enable the surgeon to consider doing less than a segmental 
resection. Similar to what happens in hemorrhage of the upper gastroin- 
testinal tract, colonic bleeding in all cases had stopped after the start of 
anesthesia and no specific bleeding site could be seen. In our opinion, 
colotomies of any kind no longer play a role in managing these patients. 

With a known diverticular bleeding site, we have performed a limited 
segmental colectomy even when the patient has been known to have 
universal diverticulosis. No patient has had recurrent bleeding. In the 
last three years we had not had a patient with known universal diver- 
ticulosis in whom a specific site of massive continued bleeding could not 
be demonstrated. However, if such a situation occurred, the pre- 
angiography experience of surgeons dealing with this problem would 
suggest that subtotal colectomy is the procedure of choice. Certainly, 
blind left colectomy is not indicated even if the vast majority of diver- 
ticula are demonstrated on that side of the colon. 


Surgery for Other Causes of Massive Hemorrhage 


Diverticulosis, angiodysplasias, and unknown causes account for 75 
to 85 per cent of all cases of massive colonic bleeding. Colorectal cancer, 
polyps, and ischemic colitis account for most of the remaining cases and 
can be managed by segmental resection in the few instances in which the 
bleeding does not cease. We have recently seen three cases in which 
massive rectal bleeding developed on anticoagulation from previously 
unrecognized cancers of the left colon. The bleeding ceased on correction 
of the coagulation defect. 


Conclusion 


Recent advances in the diagnosis of the specific cause, and in most 
cases, the specific site, of massive colonic hemorrhage have revo- 
lutionized emergency surgery for this problem. Temporary control of the 
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hemorrhage and knowledge of the offending segment of the colon have 
turned emergency, blind massive colon resections for hemorrhage into 
semielective segmental resections.in well-prepared patients. 

We advocate an aggressive diagnostic work-up using all available 
modalities when necessary in all patients who have required transfusions 
of more than 1500 ml of blood in 24 hours to maintain normal vital signs. 
A cause of the bleeding or a probable cause can be found in 90 per cent of 
cases and controlled at least temporarily most of the time. When 
emergency surgery is necessary, the mortality rate now should be close to 
zero. 
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Carcinoma of the biliary tree which occurs high in the porta hepatis 
creates a form of obstructive jaundice that is difficult to relieve. Although 
resection of these tumors is being reported with increasing fre- 
quency,*'°!34 the majority are not resectable because of invasion of the 
portal structures or the presence of lymph node metastases. As noted by 
Kaltskin,® sclerosing carcinomas that occur at the junction of the main 
hepatic ducts are rather slow growing and metastasize late in their 
course. The primary cause of death in these patients is cholangitis or 
hepatocellular failure due to the obstruction. If biliary decompression can 
be accomplished without infection of the bile ducts patients survive an 
average of 23.3 months compared to 10 months if the obstruction is not 
relieved. In the past the use of external drainage tubes to decompress the 
liver has met with little long-term success. T-tubes and nonreactive metal 
tubes placed through the tumor soon become compressed by progressive 
tumor growth or obstructed by bile pigment precipitates. These tubes 
often form the nidus for infection in the biliary tract or the surrounding 
tissue which leads to extrusion of the tube by the body or to surgical 
intervention for their removal. Cholangitis developed in 11 of the 13 
patients reported by Klatskin® whose biliary ducts were decompressed 
with external tube drainage. 

To obviate these difficulties Terblanche, Saunders and Louw, in 
1972, described the innovative use of a U-shaped tube for hepatic 
decompression.”’ With this technique the common bile duct is explored 
through a longitudinal incision. The tumor in the porta hepatis is 
visualized through a choledochoscope and is then carefully dilated with 
Bakes dilators until the lumen is 5 or 6 mm in diameter. The dilator is 
then passed into the hepatic ductal system (usually the right), manipu- 
lated into a peripheral duct, and then forced through the hepatic paren- 
chyma and liver capsule. A suture is attached to the dilator and is pulled 
back through the opening in the common duct. This is tied to a large-bore 
catheter which is then pulled through the duct, across the area of the 
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tumor, and through the liver. Openings are made in the tube such that 
they lie above and below the tumor allowing bile to flow from the 
intrahepatic ducts into the extrahepatic ducts and thence into the 
duodenum. The common bile duct is repaired around the lower limb of 
the U-tube, and the two limbs are brought out through two separate stab 
wounds in the skin. The two ends of the U-tube are secured in position by 
attaching a second tube transversely at skin level. Postoperatively the 
U-tube is irrigated daily with an antibiotic solution, which not only 
reduces the incidence of infection, but also flushes out any precipitated 
material within its lumen. Should the tube become obstructed it is easily 
replaced by attaching a new tube to one limb of the U-tube and simply 
pulling it through the tract until it lies in the proper position within the 
biliary system. This technique has been used successfully not only as a 
decompression for malignant obstructions, but also as a stent for anas- 
tomoses between the proximal hepatic ducts and the gastrointestinal 
tract. Although the U-tube has many advantages over the “static” 
T-tubes and metallic tubes used in the past, an operation of significant 
magnitude is required for its placement in the biliary tree. 

More recently a technique for placing decompressive tubes in the 
biliary tract by percutaneous transhepatic needle puncture has been 
described.'4~!%'8:!96 The first step in this technique is a percutaneous 
transhepatic cholangiogram performed with a “Chiba’’ needle to deter- 
mine the level, cause, and extent of the biliary tract obstruction. The 
ducts remain filled with contrast material after the needle has been 
removed, thus facilitating the next step. A large-bore needle, which is 
covered with a polyethylene sheath, is directed percutaneously into a 
dilated bile duct under fluoroscopic control. The metal needle is removed 
leaving in place the polyethylene sheath. A coiled spring guide wire is 
passed through the sheath into the biliary tree beyond the obstructing 
tumor into the distal common duct or duodenum. A specially designed 
catheter with multiple side holes is inserted over the guide wire and 
passed into the distal duct or duodenum and then positioned with the side 
openings proximal and distal to the tumor. Bile can then drain from the 
proximal ducts through the tumor into the gastrointestinal tract. When it 
is not possible to pass the catheter through the tumor, it can be left in the 
ductal system proximal to the tumor for external biliary drainage. This 
technique requires little anesthesia and can be performed with less risk 
to the patient than would be encountered with the operative procedure 
for placing a U-tube. 

Both U-tubes and percutaneously placed catheters share the disad- 
vantages and possible complications of external drainage tubes, which 
include: the high risk and rate of superficial infection, cholangitis, and 
liver abscesses, especially in the undrained lobe; the discomfort and 
inconvenience of transcutaneous appliances; the necessity for irrigation 
and replacement of these tubes; the reluctance of some radiotherapists 
and chemotherapists to treat patients who have indwelling tubes, espe- 
cially if there is infection present; the possibility of migration or dis- 
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lodgement of the tubes with subsequent leakage of bile into the 
peritoneal cavity; and hemobilia. Complications occurred in 27 per cent 
of the 41 patients reported in the series of Pollock et al. of percutaneously 
placed drainage tubes.!" 

Surgical anastomoses between the liver or the intrahepatic bile ducts 
and the gastrointestinal tract would therefore appear to have many 
advantages over external tubes used for hepatic decompression. During 
the past 65 years, multiple attempts have been made to effect such 
anastomoses. Eliot, in 1918, reported 15 cases of primary anastomosis 
between the liver and intestines with temporary good results in six 
cases.” Carter and Marriffino, in 1944, reported the first successful 
anastomosis between a biliary fistula and the intestinal tract. In 1948, 
Longmire and Sanford described their technique of intrahepatic cholan- 
giojejunostomy which has subsequently become the accepted procedure 
in most cases.'! The Longmire procedure consists of resecting the lateral 
one-third of the left lobe of the liver between interlocking mattress 
sutures until a dilated intrahepatic bile duct is encountered. The liver 
substance surrounding the duct is cored out and a mucosa-to-mucosa 
anastomosis is carried out with a Roux-Y loop of jejunum. One of the 
major advantages of this technique is the formation of an internal 
hepatoenteric decompression without the necessity for long-term per- 
cutaneous intubation. Subsequent reports by Longmire and Lippman,'” 
Ragins, Diamond and Ming,” and Bismuth and Corlette' have demon- 
strated not only the usefulness of this technique in bypassing high biliary 
obstruction, but also the long-term patency of these anastomoses. 


Figure 1. Technique of can- 
ulating dilated subcapsular bile 
uctule. (From Cahow, C.E.: In- 
ahepatic cholangiojejunostomy: A 
ew simplified approach. Am. J. 
urg., 137:443, 1979, with permis- 
on.) 
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Initially, the Longmire technique was utilized at our institution. 
However, prolonged operative time and substantial blood loss were 
encountered and a less extensive operative procedure was sought.* It was 
noted that in the obstructed liver, especially if the obstruction is of long 
standing and complete or nearly complete, there is visible dilatation of 
the subcapsular bile ductules (Fig. 1). When the capsule is incised and 
the bile ductule opened, a few drops of bile, often clear or colorless, 
escape. A small probe (in some cases no larger than a lacrimal duct probe) 
can be inserted into the bile ductule. Using the probe as a guide, the 
incision is carried through the rather thin layer of overlying liver sub- 
stance tracing the course of the small bile ductule centrally until it opens 
into one of the large dilated central ducts (Fig. 2A). A small polyethylene 
catheter can then be inserted and an operative cholangiogram obtained to 
demonstrate the intrahepatic bile ducts and to note the position of a large 
bile duct suitable for anastomosis. Dissection should be continued until a 
duct with a diameter of 5 mm or more is encountered. During the 
dissection, bleeding is controlled with electrocautery and suture ligatures 
of fine silk or catgut. Once a large bile duct is encountered, the liver 
parenchyma about it is cored out with electrocautery to form a saucer- 
shaped concavity, with walls that slope down gradually from the surface 
capsule to the edge of the bile duct, usually a depth of 1 to 2 cm (Fig. 2B). 
The ductal opening thus created is pyramidal in shape and about 4 to 5 
cm in length beginning at the apex where the small ductule was first 
opened and ending at the base which is formed by the lumen of the large 
intrahepatic bile duct. A Roux-Y loop of jejunum is then brought up 
anterior or posterior to the colon and a side-to-side two-layer mucosa-to- 
mucosa anastomosis is carried out (Fig. 2C). Since the defect in the liver 
surface is relatively small it is technically difficult to utilize the entire 
thickness of the jejunal wall for the inner mucosa-to-mucosa anas- 
tomosis. For that reason an ellipse of the serosa and muscularis (approx- 
imately the same size as the liver defect) is excised from the antimesen- 
teric border of the jejunum. This allows the mucosa and submucosa to 
“pout out” and to fit very nicely into the saucer-shaped defect in the liver. 
An incision is made through the jejunal mucosa and submucosa which is 
approximately the length of the opening in the bile duct. The posterior 
layer of the anastomosis is carried out by approximating the serosa of the 
jejunum to the liver capsule with interrupted fine silk sutures. A soft 
Silastic catheter with multiple openings is inserted into the bile duct so 
that the openings are situated above and below the point of the anas- 
tomosis. The inner mucosa-to-mucosa anastomosis is performed 
meticulously with interrupted sutures of fine catgut or other absorbable 
material (Fig. 2D). The anastomosis is completed by continuing the layer 
of interrupted sutures between the liver capsule and the serosa of the 
jejunum around the anterior edge of the liver defect. Several more silk 
sutures are used to anchor the jejunal loop to the liver to prevent tension 
on the anastomosis. The catheter is brought out through a small opening 
in the jejunum by the Witzel technique about 15 to 20 cm from the 
anastomosis and then passed through a small stab wound in the abdomi- 
nal wall. The Roux-Y anastomosis is completed by an end-to-side 
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Figure 3. Completed Roux-Y 
intrahepatic - cholangiojejunostomy 
with catheter stent in place. (From 
Cahow, C.E.: Intrahepatic cholan- 
giojejunostomy: A new simplified 
approach. Am. J. Surg., 137:443, 
1979, with permission.) 


jejunojejunostomy, 40 cm from the intrahepatic cholangiojejunostomy. 
After a postoperative contrast study is obtained to demonstrate patency 
of the anastomosis, the catheter may be removed in six to eight weeks 
Ghigas): 


Results 


This technique of intrahepatic cholangiojejunostomy has been per- 
formed in this institution 14 times in 11 patients. There were four women 
and seven men ranging in age-from 30 to 72 years with an average age of 
55 years. The left intrahepatic ducts were used nine times and the right 
intrahepatic ducts five times. One patient underwent bilobar anastomosis 
performed at two separate operations one month apart. One underwent 
bilobar anastomosis performed two months apart, and one patient 
underwent two anastomoses to the left intrahepatic duct at two separate 
operations one year apart. The bilirubin level returned to normal or near 
normal in all patients except two who died in the immediate postopera- 
tive period of hepatic failure. 

The average long-term postoperative survival has been 16 months. 
The longest survivor (three years) had a U-tube inserted into the right 
lobe of the liver at his first operation followed by radiation therapy (4000 
rads) to the tumor. The tumor slowly grew until it occluded the hepatic 
duct surrounding the openings in the U-tube. His jaundice increased in 
spite of frequent tube changes and he was reexplored two years later at 
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which time an intrahepatic cholangiojejunostomy was performed in the 
left lobe. He is well and anicteric one year later. One other patient 
survived two years before dying of advanced carcinoma. 

Two patients were re-operated because of recurrent jaundice. One, a 
72 year old man, had a catheter placed in his common duct across the 
tumor at exploration elsewhere six weeks prior to undergoing cholan- 
giojejunostomy. This decompressed the intrahepatic ducts such that the 
anastomosis between the nondilated duct and the jejunum was quite 
difficult. Five months after cholangiojejunostomy jaundice and vomiting 
developed. At reexploration the anastomosis was patent but the tumor 
had grown extensively in the liver and subhepatic space, occluding the 
intrahepatic ducts and duodenum. He died several months later with 
cholangitis. The second patient who was reexplored developed jaundice 
and cholangitis two months following cholangiojejunostomy. At re- 
operation the anastomosis was found to be completely closed with dense 
fibrosis. It is of note that this patient did not have a catheter placed 
through the anastomosis at the time her cholangiojejunostomy was 
performed. The anastomosis was taken down and a U-tube was inserted 
through the common duct out the right hepatic lobe. Unfortunately, a 
bile leak developed around the tube as it exited the common duct 
resulting in an abscess. She continues to leak a moderate volume of bile 
around the tube at present but the jaundice has cleared. 

There were three postoperative deaths following the 14 operations, 
an overall mortality of 21 per cent. All of these occurred early in the 
series. Two patients were chronically ill and markedly debilitated with 
longstanding jaundice. They died of progressive hepatic failure two and 
three weeks postoperatively. The third death occurred in a 70 year old 
man from a pulmonary embolus one month following discharge from the 
hospital. 

The author has received reports of three additional patients who have 
undergone cholangiojejunostomy performed by three separate surgeons 
at other institutions.* These patients ranged in age from 64 to 83 years. 
All survived the operation with clearing of jaundice. One patient died 21 
days postoperatively from massive upper gastrointestinal hemorrhage. 
One patient who had advanced gallbladder carcinoma survived six 
months without recurrence of jaundice. One patient is alive and doing 
well without jaundice four months postoperatively. 


Comments 


Sclerosing carcinomas of the bile ducts in the porta hepatis are rather 
slow growing and metastasize late."”® The cause of death in most cases is 
not related directly to the tumor per se but is due to the effects of 
long-term hepatic obstruction with resultant liver failure or cholangitis. 
For that reason it would appear advisable to utilize a biliary enteric 
decompression which minimizes the chance of infecting the bile ducts 
and liver as so often occurs when external drainage tubes are used. 


*Raymond J. Ippolito, M.D., New Haven, Connecticut; Robb H. Rutledge, M.D., Fort 
Worth, Texas; and Richard L. Snider, M.D., Cumberland, Maryland 
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Although there is little or no cross drainage of bile between the right and 
left lobes,’ it is necessary to decompress only one lobe of the liver as long 
as infection does not occur in the .contralateral lobe.'’?? The decom- 
pressed ipsilateral lobe will hypertrophy as the undrained contralateral 
lobe becomes atrophic.”! If infection occurs in the undrained lobe, one 
must consider constructing a bilobar cholangiojejunostomy as was cCar- 
ried out in two of our patients.?? If a mucosa-to-mucosa anastomosis 
between the bile duct and jejunum can be performed long-term patency 
can be expected. In only one of the patients in this series was there 
complete occlusion of this anastomosis and in that patient a catheter 
stent was not placed across the anastomosis at the time of surgery. 

However, several factors must be considered before a debilitated, 
jaundiced patient is subjected to surgery. The cause and site of the 
obstruction should be determined prior to surgery. To that end the author 
prefers percutaneous cholangiography (PTC) over endoscopic retrograde 
cholangiopancreatography (ERCP). In most cases PTC will demonstrate 
not only the level and the cause of obstruction but also define the anatomy 
of the biliary tree proximal to the point of obstruction. This is particularly 
important when one considers biliary bypass procedures, especially in 
those cases in which the obstruction is high in the porta hepatis. If PTC is 
not performed and the surgeon encounters a collapsed gallbladder and 
extrahepatic ductal system, the diagnosis of Klatskin’s tumor should be 
considered and a transhepatic cholangiogram should be performed in the 
operating room. The best opportunity to accomplish internal hepatic 
decompression is at the time of the first operation. It is much more 
difficult to perform this operation through a maze of adhesions in a 
patient who has been weakened by previous surgery. This is especially 
true if external drainage tubes have been used and infected bile, cholan- 
gitis, or hepatic abscesses have developed as a result of their insertion. 

The use of external drainage tubes has a definite place in the 
treatment of patients with these high obstructing biliary tract lesions. 
Percutaneous transhepatic decompression is particularly useful in the 
elderly patient, in the severely debilitated and malnourished patient, and 
in those who have already developed infection proximal to the site of 
obstruction. This technique carmbe carried out in these patients with local 
anesthesia and decompression of the biliary tract can be accomplished 
with minimal risk. In the elderly patient, no further procedure may be 
warranted. In the debilitated or infected patient, the patient’s general 
condition can be improved by biliary tract decompression, antibiotics, 
nutritional support, and so forth. If it is then determined that the patient 
is a good operative risk with no evidence of distant metastases intrahe- 
patic cholangiojejunostomy can be carried out. 

The U-tube technique is of use in those patients who are found at the 
time of operation to be poor surgical candidates for an extended proce- 
dure such as intrahepatic cholangiojejunostomy and in those patients 
who have spread of disease such that their life expectancy does not 
warrant a more extensive operative procedure. In one patient in our 
series a U-tube was inserted at the initial operation and successfully 
decompressed the biliary tract for two years. Further tumor growth 
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occluded the tract of the U-tube causing recurrent progressive jaundice. 
The patient was reexplored and an intrahepatic cholangiojejunostomy 
was performed. He is well one year later with no further jaundice. 

Intrahepatic cholangiojejunostomy is probably not warranted and 
may even be contraindicated under the following circumstances: the 
very debilitated patient who cannot withstand major surgery (two deaths 
in this series); in the presence of hepatic metastases which may block the 
intrahepatic biliary radicals (one patient in this series); in patients with 
portal hypertension; and in any patient in whom there is little or no 
dilatation of the intrahepatic ducts. All patients should be placed on broad 
spectrum antibiotic coverage prior to performing PTC and continued on 
this coverage through surgery. The bile should be cultured at the time of 
surgery and if the culture is sterile antibiotics can be discontinued or 
changed to suit the sensitivities of any organisms that may be present in 
the culture. 

All patients in our series have received postoperative radiation 
therapy to the tumor guided by silver clips placed about the tumor mass 
at the time of operation. It is too early to tell if this will improve the 
long-term results. Chemotherapy has not been helpful in the manage- 
ment of these patients. 


Summary 


A review of the techniques presently utilized for decompressing the 
biliary tract proximal to nonresectable tumors high in the bile duct has 
been presented. The technique of percutaneous transhepatic placement 
of drainage catheters should be considered in any patient who is not a 
surgical candidate, who is in the older age group with a short life 
expectancy, or who may be septic or in too poor nutritional condition to 
withstand a major operative procedure. In this latter category, once the 
patients have been replenished nutritionally and their infection has been 
cleared by drainage and antibiotics, they may be considered to be 
candidates for intrahepatic cholangiojejunostomy if there is no evidence 
of diffuse metastases. We have reserved the use of the U-tube for those 
patients who at the time of surgery are found not to be candidates for 
intrahepatic cholangiojejunostomy. Even in this group, if the patient does 
well over a prolonged period of time, it may be reasonable to consider 
intrahepatic cholangiojejunostomy with removal of the U-tube as has 
been done successfully in one of our cases with long-term good results. In 
all but two of the patients in this series jaundice and pruritus subsided 
and the patients remained free of these symptoms until the time of death. 
They were also free from the necessity of caring for external drainage 
tubes. 
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address and your corrected address—you can send an old Clinics label with 
your number on it or just copy it exactly and send it to the address listed below. 


We appreciate your help in our attempt to give you continuous coverage. 


Thank you. 


Your Clinics Label 
Number 


W. B. Saunders Company 


SHIPPING AND RECEIVING DEPTS. | 
| SECOND CLASS POSTAGE 
| PAID AT CHERRY HILL,N.J. | 


This is your copy of the 


CLINICS OF NORTH AMERICA 


XP-D11494 


00503570 DOE—JOHNOO 101 NH 


JOHN C DOE MD 
324 SAMSON ST 
BERLIN NH 03570 


" 


JAN 1980 ISSUE 


Copy it exactly or send your label 

along with your new address to: 

W. B. Saunders Company, Dept. C.A.C., 

West Washington Square, Philadelphia, PA 19105. 


If you subscribe to more than one Clinic, please include your Clinics label 
number (or the entire mailing label) for each subscription. 


Please allow four to six weeks for delivery of new subscriptions and for 


processing address changes. 


12 IMPORTANT AIDS 
FOR YOUR 
CLINICAL 
PRACTICE... 


12 important periodicals from 
Saunders. Choose any of the titles 
listed below for the accurate clinical 
advice and up-to-the-minute 
information you need in your daily 
practice. Each hard-bound volume 
contains first-hand articles from 
leading authorities who report on the 
latest developments and techniques. 


Place your order now for these valuable clinical references. Simply tear off the card 
below and drop it in the mail today. 


Changing your address? Please notify us promptly so your subscription can continue 
without interruption. If available, submit your Clinics mailing label with your address 
change or copy your Clinics label number exactly in the space provided below. Please 
allow 4 to 6 weeks for processing address changes. : 


Canadian Subscribers: Please send your orders to: W. B. Saunders Company, 
1 Goldthorne Avenue, Toronto, Ontario M8Z 5T9. (Prices for the Clinics are 20% 
higher in Canada.) 


Detach and Mail (Printed in USA. Prices are US only and subject to change.) 


Beginning with the current issue, enter my subscription to the periodical(s) 
Trans | checked below: 
The Dental Clinics 
Pub. Quarterly. $26.00 per year. 
{ Human Pathology 
£ | Pub. Bi-monthly. Soft cover. $38.50 per year. 
ma fe) C1) The Medical Clinics 
| 


The Otolaryngologic Clinics 

Pub. Quarterly. $39.00 per year. 

The Pediatric Clinics 

Pub. Quarterly. $24.00 per year. 

Placenta 

Pub. Quarterly. Soft cover. $65.00 per year. 
Clinics in Plastic Surgery 

Pub. Quarterly. $56.00 per year. 


Pub. Bi-monthly..$29.50 per year. 


——| (J) The Nursing Clinics 
Be, : ly. $19.00 : ON Pel Ye 
la Ee aKcae Chae ee Primary Care: Clinics in Office Practice 


Pub. Quarterly. $29.00 per year. 
(eee Pub. Quarterly. $34.00 per year. Co The Surgical Clinics 


te 


ees) Bill me Pub. Bi-monthly. $33.00 per year. 
o hy Os k | d(S d C) The Veterinary Clinics: Small Animal 
_ Check enc eee ( aunders pays Practice Pub. Quarterly. $38.00 per year. 
roa _ postage & handling in the US.) Please allow 4 to 6 weeks for delivery of new subscriptions 
=> Ferns | Please Print 
a CHANGE OF ADDRESS 
© | ING 11) Ce ee ee er ee 
iS deere Label No. 
3; shiP | Address 
® | Old Address 
5 [par 1 City 
| | 
ae State ZIP 
ae + City 
| a Effective / / 
i StGte gee ZIP 
i ae Send to new address shown at left. 


Credit my salesman. 


Order your subscription(s) today. Simply detach the card below and drop 


it in the mail to receive the best clinical information in your field. 
Rr a ee 8 


BUSINESS REPLY CARD 


FIRSTCLASS PERMITNO.101 PHILADELPHIA, PA 
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W.B.Saunders 
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NECESSARY 


IF MAILED 
INTHE 
UNITED STATES 


| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 


THIS VOLUME MAY ciRcuLATE For 1.wel |i 
Renewals May Oe Be Made In Person Or By Phor COBIYE 
00; from outside 472-5 


DATE DUE DATE RETURNED 
AUG 18 196f |AUG i 6 198) AEE 
Seas | OCT 28 1987 | 


START) 


OCT 11 1993 
QT 18 19 st 


SEP 2| 1988 EM) 


 gg622 


‘? “a 


DIVE - 


